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Measuring  logaritmic  acceleration  response  to  a  transient 
input  is  a  relatively  sinple  method  used  to  estimate  an 
average  damping  coefficient.  The  msthcd  is  not  limited  by 
either  hi^i  modal  density  or  high  taping  values.  However, 
the  time  decoy  curve  obtained  from  those  tests  can  be  diffi¬ 
cult  to  interpret  because  of  either  the  presence  of  beating 
or  of  miltiple  decay  slopes. 

In  this  paper,  the  results  of  both  predicting  response  of, 
end  testing  a  sinpla  rectangular  plate  with  constrained  layer 
dsnping  treatment  an  one  half  of  the  plate  are  presented, 

The  predicted  results  are  baaed  on  both  Statistical  Energy 
Analysis  (SEA)  and  Finite  Blatant  Analysis  (FEA).  It  is 
found  that  alnple  SEA  aquations  predict  the  dual  slopes 
found  in  the  time  transient  responses  reasonably  well. 

V _ _ _ _ _ / 


INTRODUCTION 


The  knowledge  of  approximate 
average  damping  levels  in  various 
frequency  bands  is  necessary  if 
frequency  response  functions  are 
to  be  predicted  or  the  efficacy 
of  a  damping  treatment  verified. 

For  simple  structures,  analytical 
approaches  such  as  the  modal  strain 
energy  method  ( 1 )  can  be  used  to 
predict  the  damping  levels  of 
structures  treated  by  a  damping 
layer,  on  a  mode  by  mode  basis. 

When  structures  becomes  complex, 
such  as  marine  propulsion  system, 
analytical  solutions  become  difficult 
or  impractical.  In  such  cases, 
experimental  techniques  are  partic¬ 
ularly  well  suited  to  obtaining 
estimates  of  composite  damping 
levels . 

When  modes  are  reasonably  wel? 
spaced,  several  experimental  tech¬ 
niques  are  available  for  damping 
estimation.  Among,  them,  the  poly¬ 
reference  method  (2)  is  suitable 
for  extracting  modal  parameters 
despite  some  modal  overlapping. 
However,  techniques  based  on  fitting 
individual  modes  cease  10  be  prac¬ 
tical  at  higher  modal  densities, 


due  to  excessive  modal  overlapping. 
One  alternative  is  a  simple  transient 
decay  approach  which  can  provide 
approximate  average  damping  levels 
in  frequency  bands.  However,  the 
time  decay  curve  obtained  from  these 
tests  can  be  somewhat  difficult 
to  interpret  because  of  either 
the  presence  of  beating  or  of  mil¬ 
tiple  decay  ratee.  Reference  (3) 
suggests  procedures  to  include  the 
effect  of  beating  in  the  damping 
estimation.  However,  the  presence 
of  dual  slopes  appears  r >t  to  have 
been  investigated  previously. 

In  this  paper,  tests  and  cal¬ 
culations  of  a  simple  rectangular 
plate  with  one  half  of  the  plate 
covered  by  constrained  layer  damping 
mtiterial  are  presented.  The  exper¬ 
imental  results  were  compared  to 
estimates  based  on  Finite  Element 
Analysis  (FEA)  and  Statistical 
Energy  Analysis  (SEA)  (4)  methods. 

It  was  found  that  the  dual  slopes 
observed  in  *.he  transient  responses 
are  in  agreement  with  FEA  results. 
Further,  the  nature  of  dual  slope 
behavior  can  be  explained  by 
application  of  the  SEA  power  balance 
rrinciple.  This  knowledge  can  aid 
the  interpretation  of  decay  rate 
damping  test  results. 
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test  specif** 


A  long  rectangular  steel  plate  of  .125* 
thickness  mbs  used  In  the  Investigation.  One 
half  of  the  plate  was  covered  with  0.05* 
thickness  DYAO  006  visco-elastic  material 
and  .0625’  thickness  steel  face  plate,  the 
specimen  was  suspended  by  elastic  cord  to 
simulate  a  free-free  condition.  Transient 
response  history  due  to  Itartmsr  inpact  was 
processed  by  a  GEMRAD  model  2515  sigpal 
analyser.  The  test  set-up  in  shown  in 
Figure  1. 


The  material  properties  of  DYAO  606 
as  a  function  of  avbient  tenpereturs  «id 
frequency  are  shown  in  Figure  2. 


riyure  2i  Doiping  Material  Properties 


To  estimate  dsnping  levels  by  FEA,  tbu 
specimen  is  modeled  by  150  QtlADA  pLete  ele- 
msnts  plus  50  brick  elements  for  the 
viscoelastic  material.  The  modal  strain 
energy  approach  (1)  is  used  to  calculate 
the  modal  da, ping.  Figure  3  shows  the  mode 
by  mods  natural  frequencies  and  danping 
values  estimated  from  the  FEA  model  of  the 
plate.  To  estimate  decay  rates  resulting 
from  a  hormar  blow,  an  analytical  impulse 
with  frequency  content  judged  to  be  adequate 
ip  to  1500  HZ  in  applied  to  the  damped  side 
of  the  plate.  The  response  is  then  calcu¬ 
lated  using  the  NASTRAN  computer  program. 


Figuie  3i  FEA  Model  and  corresponding 
modal  frequencies  ard 
carping  ratios 
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RESULTS  AND  DISCUSS  ICN 


Shewn  in  Figure  4  are  FEA-calculated 
transient  responses  of  the  test  specimen  due 
to  inpact  on  the  damped  side.  Responses  at 
several  looations  are  shown  in  Figures  4A 
through  <D.  Figures  4E  and  4F  are  the  FHS 
responses  of  16  modes  on  the  danped  and 
undamped  sides,  respectively.  Also  shown  are 
the  transient  decay  slopes  obtained  by  the 
SEA  model  presented  in  Appendix  1 . 

Equation  (6)  of  A[p«ndix  1  is  the  closed 
form  solution  of  a  two  energy  block  SEA 
system.  Deeoite  the  sinplification  of  in¬ 
cluding  only  two  bending  mode  energy  blocks, 
the  results  agree  wo  11  with  the  solution 
obtained  by  step-by-step  numerical  integra¬ 
tion  using  the  canmercially  available  SEAM 
oenputer  code  (5),  shown  in  Figure  5. 

the  material  loss  factors  used  in  the 
SEA  model  were  obtained  by  calculating  the 
nroal  strain  energy  of  the  viscoelastic 
material.  Grtly  the  danped  half  plate  was 
considered  in  the  FKA  model.  Because  of 
possible  variation  of  DYAD  606  from  its 
nominal  values,  ipper  and  lower  limits  of 
loss  factors  (  \  -  0.1  to  "7  -  0.15)  ware 
used. 

Presented  in  Figure  6  is  a  typical 
experimental  transient  decay  plot  with  the 
aooeleraneter  an  the  excited  side.  Dual 
slopes  can  clearly  be  identified.  Also 
plotted  in  this  figure  are  the  slcpes  cal¬ 
culated  by  SEA  equation  (6).  showing  good 
agreement  with  the  teet  data. 


OJNCUJSICNS 


In  this  study,  the  impulse  response  of 
a  structure  is  oenpared  to  SEA  and  FEA 
calculations  from  an  anergy  transmission 
point  of  view.  As  discussed  in  Appendix  1, 
the  first  slope  of  the  acceleration  time 
decay  curve  an  the  excited  side  is  related 
to  the  rate  of  energy  flow  from  the  impacted 
structure  to  its  surroundings.  The  second 
slope  of  the  decay  curve  is  related  to  the 
average  danping  value  of  the  total  structure. 

The  responses  predicted  by  the  SEA 
equations  of  a  laboratory  specimen  agree 
quite  well  with  those  calculated  by  the  FEA 
method. 
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APPENDIX  It  TRANSIENT  SLA  MGCEL 


ttan  a  structure  is  subjected  to  a 
shock  loading,  the  frequency  content  of 
the  response  is  usually  very  broad  due  to 
the  broad  input  spactrun  of  inpula ive 
excitation.  Traditional  analytical  tech¬ 
niques  used  to  calculate  this  type  of 
response  are  limited  by  the  high  modal 
density  of  the  structure  within  the 
frequency  range  of  interest.  Statistical 
Energy  Analysis  (SEA)  offers  a  means  of 
sinplifying  the  problem  by  calculating  the 
average  and  standard  deviation  of  frequency- 
bond  response  in  high  model  density  struc¬ 
tures. 


3 


Figure  5i  Decay  Curves  Derived  by 
SEA  Concept. 


Figure  6s  Comparison  of  Slopes 
Calculated  by  S«»A  and 
Test  data. 
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The  plate  specimen  in  Figure  1  is 
modeled  by  a  two-block  system  as  shewn  in 
Figure  A-l. 


X 

-* - ► 

X 

_ > _ 

_ 1 — 

Figure  A-lt  Two  energy-block  SEA  model 


The  homogenous  solution  of  (2)  is: 


~  *  r  »*** 

S,  •  c,  c  *  C,  ® 


a  Cj  e  ***  +  c4  e 


Where 


»♦> 


The  power  balance  equation  for  the  above 
system  is: 


4* 


£» 

e. 

— (0 

Where 


El  ‘  The  total  energy  stored  in  the 
energy  block  i. 

«  Material  loes  factor  of  block 
1  i  (two  times  the  critical 
damping  ratio). 


f.j-  Coupling  loss  factor  from 
**  i  to  j. 

Ifr.-  Fewer  input  into  energy  block  i. 
W.«  radian  frequency. 


t  *  time. 


The  solution  is  then 


-  /».♦«! 


tk.-t 


(5) 


(6) 


Depending  on  the  initial  condition  Eio  and 
E2Q  inposed  upon  the  energy  blocks,  and  the 
values  of  the  coupling  loss  factors,  *7 12 
and  fol'  «‘Jue,il°n  (6)  will  predict  different 
behaviors.  Several  special  cases  of  interest 
have  been  studied  ari  are  presented  in  Table 
A-l. 


Let  the  system  be  excited  to  levels  E  , 
and  E  .  The  excitations  are  than  cut 
off.  The  above  equation  (1)  becomes: 

♦  fi.e,  *  -  o 

ae*4t  te,f,  +3.£*  "  ~ 


It  is  seen  from  Table  A-l  that  the  decay 
slope  depends  not  only  on  the  danping  values, 
but  also  on  the  coupling  loes  factors  between 
the  energy  blocks.  For  case  2,  Figure  A-2 
shows  the  variation  of  slope  1,  Ck\,  and 
slope  2,  $2'  with  respect  to  the  coupling 
strength  (normalized  by  the  danping  values, 
i.e.f«4>. 


Where 


(O.  t  %  '♦'li*  ) 
O.  7,, 

O,  *  a).  1>X 

£,tm  *>•< 

Si*  ti» 


TWo  distinct  results  can  be  derived 
from  case  No.  2  in  Table  A-l.  When 
is  very  small  ccrrpared  with  V, ,  from  Figure 
A-2,  <*>*  -ClC-»  . 

The  second  block  is  almost  ccnpletely  de¬ 
coupled  from  the  first  energy  block,  and 
there  is  little  energy  flow  between  than. 

The  decay  of  the  first  block  is  due  princi¬ 
pally  to  the  effect  of  its  own  doiping.  On 
the  other  hand,  when  coupling  is  very  strong. 
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Decay  Curves  I  Comments 


Energy  Decay  Rate  by  SEA  Concept 


£<2,(0# and  <X, - ►  oo  . 

Equations  in  Table  1  show  t  the  energy 
of  block  1  is  transmitted  to  ck  l  almost 
instantaneously.  The  responses  of  both 
blocks  then  decay  at  the  rate  of  the  average 
daiping  of  the  system,  1/2  fi* 


If  darrplng  is  estimated  from  the  initial 
fast  decay  on  the  excited  side,  erroneously 
high  estimates  will  be  obtained,  as  much  of 
the  apparent  energy  loss  in  system  I  is  due 
merely  to  energy  transfer  to  system  II. 
Generally,  decay  type  doping  estimates  made 
from  measurements  too  near  the  excitation 
suffer  from  this  effect. 
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Shock  Isolation  Performance  of  a  shock  mount  consisting  of  a  linear 
spring  in  parallel  v '  a  sequential  damper  is  investigated.  Sequent¬ 
ial  damper  besed  on  semi -active  control  offers  a  compromise  between 
active  and  passive  shock  isolation  systems.  The  sequential  damper 
requires  only  minimal  power  to  generate  the  command  signal  for  modula¬ 
ting  the  orifice  for  fluid  flow.  Control  schemes  required  to  generate 
the  casmand  signal  to  achieve  sequential  modulation  of  the  orifice  are 
discussed.  The  shock  isolation  performance  of  the  sequential  damper 
is  evaluated  in  terms  of  its  acceleration*  velocity  and  relative  disp¬ 
lacement  response  due  to  shock  excitations.  The  performance  characte¬ 
ristics  of  the  sequential  damper  are  compared  to  the  response  charact¬ 
eristics  of  a  shock  isolator  with  passive  damping  to  demonstrate  the 
superior  performance  of  the  sequentially  damped  shock  isolator. _ 


nromuonow 

Development  of  effective  shock  isolators  to 
protect  the  equipment  or  human  payloads  from 
severe  shock  inputs  involve  the  selection  of  sui¬ 
table  springs  damping  mechanisms.  Shock  motions 
either  arise  from  the  motion  of  the  base  or  from 
the  forces  generated  from  the  equipment.  However 
these  shock  motions  are  mathematically  analogous 
and  cause  detrimental  effects  on  the  payload. 

Shock  isolators  invariably*  consist  of  linear  or 
nonlinear  springs*  dasper  and  the  payload  to  be 
isolated  from  the  shock  loads.  The  spring  and 
damping  elements  of  a  shock  isolator  are  selected 
such  that  the  acceleration  transmitted  to  the 
payload  is  minimized*  when  a  shock  excitation  is 
encountered. 

Passive  shock  isolators  enploying  linear  and 
nonlinear  springs*  and  viscous  damper  have  been 
extensively  investigated  by  Snowdon  [1].  Shock 
isolators  with  some  form  of  nonlinear  damping 
have  been  proposed  and  analyzed  by  Snowdon  [2], 
Mercer  at  al.  [3]*  Hundal  [4]  and  Cat on  et  al. 

15] .  The  performance  of  these  isolators  is  often 
evaluated  through  the  peak  acceleration  transmi¬ 
tted  to  the  isolated  mass  and  through  the  rela¬ 
tive  displacement  across  the  isolator. 

Passive  shock  isolation  systems  are  undoubte¬ 
dly  the  most  reliable  and  inexpensive  means  to 
achieve  shock  isolation  from  shock  loads.  However, 
due  to  the  inherent  limitations  of  the  passive 
shock  isolation  systems*  specifically  with  the 
constant  damping,  various  dual  phase  damper  con¬ 
cepts  have  been  proposed  and  analyzed.  Snowdon 


[2]  proposed  a  dual  phase  viscous  damper  where 
the  damping  coefficient  varies  as  a  function  of 
the  relative  velocity  across  the  damper.  The 
damper  assumed  high  value  of  damping  correspond¬ 
ing  to  lew  relative  velocity*  whereas  the  damping 
value  is  reduced  considerably  at  high  relative 
velocity.  For  intermediate  velocities,  there  is 
a  linear  transition  between  the  nigh  and  low 
values  of  damping.  Guntur  and  Sankar [6]  analyzed 
the  shock  isolation  performance  of  six  different 
kinds  of  dual  phase  damping  shock  mounts.  Venk- 
atesan  et  al  [7]  investigated  the  isolation  per¬ 
formance  of  dual  phase  damping  in  landing  gears 
and  showed  that  dual  phase  damping  provides  supe¬ 
rior  isolation  performance  to  constant  or  nonli¬ 
near  orifice  damping. 

In  this  paper,  the  concept  of  semi -active 
sequential  damping,  similar  to  that  of  dual  phase 
damping  except  for  the  linear  transition  between 
the  high  and  low  values  of  damping  values,  is 
presented.  The  isolator  consists  of  a  linear 
spring  in  parallel  with  a  semi-active  sequential 
orifice  damper.  The  vibration  isolation  perfor¬ 
mance  of  such  semi-active  dampers  have  been 
investigated  by  a  nuiber  of  researchers  [8,9,10]. 
These  studies  have  established  that  semi-active 
damping  mechanisms  can  achieve  vibration  isolat¬ 
ion  performance  close  to  that  of  a  fully  active 
system.  The  concept  of  such  semi-active  controls 
is  implemented  to  a  shock  isolation  system  expe¬ 
riencing  rounded  step  and  rounded  pulse  excitat¬ 
ions.  Two  control  schemes  to  acheive  sequential 
damping  are  proposed  and  analyzed.  The  shock 
isolation  characteristics  of  sequential  damper 
are  compared  to  that  of  a  passive  damper. 
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SEQUENTIAL  DAMPING 

Consider  a  shock  mount  comprising  of  conven¬ 
tional  3pring,  damper  and  mass  as  shown  in  Figure 
1.  The  mass  acceleration  due  to  base  excitation 
can  be  expressed  by  the  forces  generated  by  the 
spring  and  damper/  respectively: 


where  F^  and  F.  are  the  spring  and  damping  forces 
respectively  and  m  is  the  isolator  mass.  In  case 
of  linear  isolator  components/  the  mass  acceler¬ 
ation  can  be  expressed  as: 


sections.  The  two-position  valve  offers  certain 
orifice  restriction  to  hydraulic  flows  during  the 
high  damping  operation  of  the  sequential  damper. 
The  orifice  size  is  modulated  to  larger  opening 
when  danping  force  acts  to  increase  the  magnitude 
of  mass  acceleration.  The  damping  force  produced 
by  such  hydraulic  damper  is  thus  of  velocity 
squared  nature  due  to  orifice  flovrs,  while  negle¬ 
cting  leakage  flows  and  seal  friction.  However/ 
passive  damping  either  viscous  or  velocity  squar¬ 
ed  exhibits  similar  performance  as  presented  in 
Figures  2  and  3. 

CONTROL  SCHEMES 


x  =  -  «0<  X  -  y  )  -  2fw  (  x-  y  )  (2) 

whets  w0  =  K  /  m  ,  f=C  /  (2mw0)  and  y  is  the 
motion  of  the  isolator  base.  K  and  C  represent 
the  spring  constant  and  viscous  damping  coeffici¬ 
ent/  respectively.  Solution  of  equation  (2)  for 
harmonic  excitations  has  shown  that  passive  damp¬ 
ing  tends  to  increase  the  magnitude  of  the  mass 
acceleration  during  a  part  of  the  oscillation 
cycle,  thus  deteriorating  the  vibration  isolation 
performance  of  the  passive  danper  [10].  Poor 
isolation  performance  of  passive  damper  is  demo¬ 
nstrated  by  the  steady  state  spring,  damper  and 
inertia  forces  trace  as  shown  in  Figure  2.  The 
danper  force  opposes  the  spring  force  during  a 
part  of  the  vibration  cycle,  thus  attenuating  the 
magnitude  of  mass  acceleration  during  the  period 
t„<  t  <  to+f/4  and  to  +  T/2  <  t  <  t0+  3T/4. 
Where  T  is  the  period  of  oscillation.  The  passive 
damper  force  tends  to  increase  the  amplitude  of 
mass  acceleration  during  the  remaining  part  of 
vibration  cycle.  Deteriorated  isolation  perfor¬ 
mance  due  to  fixed  damping  becomes  more  apparent 
at  high  excitation  frequencies,  when  the  magnit¬ 
ude  of  damping  force  is  dominant. 


Two  control  schemes  for  appropriate  modulati¬ 
on  of  the  orifice  type  sequential  danper  are 
presented  in  the  following  sections. 

Sequential  Deeper  Scheme  I 

The  sequential  danper  scheme  is  established  from 
the  damping  characteristics  revealed  by  Figures 
2  and  3.  Figures  T  and  3  reveal  that  the  damper 
force  causes  an  increase  in  mass  acceleration 
whenever  the  forces  due  to  spring  and  danper  bear 
the  same  sign.  The  mass  acceleration  decreases 


An  analogous  phenomenon  also  exists  in  the 
shock  isolation  systems.  Figure  3  shows  the 
inertia,  spring  and  danper  force  traces  of  a 
passively  damped  shock  mount,  subject  to  transi¬ 
ent  (Rounded  Pulse  Displacement)  excitation  at 
the  base.  It  can  be  seen  that  the  magnitude  of 
mass  acceleration  approaches  its  peak  value  when 
damper  force  and  spring  force  possess  the  same 
sign.  The  magnitude  of  mass  acceleration 
decreases  significantly  when  the  damper  force 
opposes  the  spring  force. 

Thus  a  sequential  damping  mechanism  may  be 
realised,  which  operates  as  a  conventional  danper 
with  high  value  of  damping  coefficient  during  the 
periods  when  it  acts  to  reduce  the  mass  accelera¬ 
tion  as  demonstrated  in  Figures  2  and  3.  The 
sequential  danper  assumes  low  value  of  damping 
coefficient  during  the  period  when  a  passive 
damper  would  normally  increase  the  amplitude  of 
mass  acceleration.  Such  a  sequential  mechanism 
may  be  accomplished  by  modulation  of  the  orifice 
size  in  a  conventional  hydraulic  danper.  The 
appropriate  modulation  of  the  orifice  can  be 
achieved  by  a  two  position  valw  operated  by  the 
apprpriate  command  signal  generated  by  the  semi¬ 
active  control  scheme  discussed  in  following 


Figure  1  :  Single  Degree  of  freedom  spring-mass 
-damper  system. 


considerably  when  the  danper  force  opposes  the 
spring  force.  Since  the  damper  force  generated 


trace  of  SDOF  passive  isolator. 
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by  the  orifice  restrictions  is  in  phase  with  the  with  significantly  lower  value  of  damping  coeffi- 
relative  velocity:  cient,  when  relative  velocity  across  the  damper 

i  carries  the  same  sign  as  the  relative  displace- 

=  cv  (  x  -  y)  sgn(  x  -  y  )  (3)  ment. 


and  the  spring  force  ic  proportional  to  the  rel¬ 
ative  displacement: 

Fk  =  K  (  x  -  y)  (4) 

1.: 

.8 

.4 

0. 


Figure  3:  Spring,  damper  and  inertia  force  trace 
of  SDOF  system  subject  to  rounded 
pul3e  displacement  at  the  base. 


Figure  4  presents  the  time  tracees  of  acce¬ 
leration,  spring  force  and  damper  force  for  the 
shock  isolator  employing  such  sequential  damper 
and  subject  to  rounded  pulse  displacement  at  the 
base.  It  nan  be  observed  that  danper  assumes 
extremely  low  danping,  whenever  the  spring  and 
danper  forces  bear  the  same  sign.  The  danping 
force  generated  by  the  sequential  dairper  rises 
sharply  as  the  spring  force  opposes  the  danping 
force. 


the  sequential  danper  switching  scheme  can  be  Figure  4:  Acceleration,  spring  force  and  damper 

established  in  the  following  manner:  force  traces  of  the  SDOF  shock  isolator 

employing  sequential  danper  I. 


pd  =  cvl  *  -  y  l  <  *  -  * )  ' 

if  (  i  -  *  )  (  x  -  Y  )  <  0  (5) 

and 

pd  =  c;i  *  -  y  1  <  *  -  * )  ' 

if  (  X  -  y  )  (  X  -  y  }  >  0  (6) 

where  C  is  the  coefficient  of  velocity  squared 
danpingvassociated  with  orifice  flows  and  C°  is 
the  damping  coefficient  when  the  danper  is  swit¬ 
ched  to  low  danping  sequence,  sgn  (*)  function 
in  equation  3  ensures  that  danper  force  is  in 
phase  with  the  relative  velocity.  The  sgn 
function  assumes  a  positive  value  when  the  rel¬ 
ative  velocity  is  positive  and  the  value  of  sgn 
function  changes  to  negative  valuv  for  negative 
relative  velocity: 

I  1.  for  (  i  -  y  )  >0. 
sgnC)  =  (7) 

I  -1.  for  ( x  -  y )  <0. 

The  sequential  danper  operating  with  this 
control  scheme  will  act  as  a  conventional  orifice 
danper  with  high  danping,  when  the  sign  of  rel¬ 
ative  velocity  opposes  the  sign  of  relative  dis¬ 
placement  across  the  danper.  The  danper  operates 


Sequential  Dampest  Scheme  II 

Alternatively,  a  second  sequential  danping 
scheme,  devised  from  the  force  generator  concept 
of  Kamopp[8]  and  Margolis[il] .  It  yrcs  establis¬ 
hed  that  mass  deceleration  can  be  accomplished 
when  the  sign  of  absolute  velocity  of  the  mass 
is  same  as  that  of  the  relative  velocity  across 
the  danper.  Thus  the  sequential  danping  scheme 
is  formulated  to  yield  the  danping  force  in  the 
following  manner: 

Fd  =  cv|S  -  y|  (*  -  yb 

if  i(i-f)  >  0.  (8) 

and 

Fd  =  cvl  *  -  y  I  <*  -  y  >' 

if  x  {  x  -  y  )  <  0.  (9) 

The  sequential  danper  operating  with  this 
control  schesne  will  operate  as  a  orifice  danper 
with  high  danping  coefficient  (  C  )  when  the 
abs  /lute  velocity  of  mass  is  in  pnase  with  the 
re'  ative  velocity  across  the  danper.  The  danper 
offers  low  value  of  danping  coefficient  (  C”) 
whan  absolute  velocity  opposes  the  relative  vel¬ 
ocity  across  the  damper.  The  danping  behaviour 
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of  sequential  damper  XI  alougwith  the  spring  and 
inertia  forces  are  shown  in  Figure  5. 

INPUT  DlSPIACHWnS 

Two  types  of  shock  displacements  are  consid¬ 
ered  at  the  isolator  base:  rounded  step  displac¬ 
ement  and  rounded  pulse  displacement.  These 
inputs  have  been  used  to  evaluate  the  shock  mou¬ 
nts  in  a  number  of  investigations  [1,2,6].  The 
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Figure  5:  Acceleration,  spring  and  damping  force 
traces  of  the  SDOF  shock  isolator 
employing  sequential  danper  II. 

base  displacement  corresponding  to  each  type  of 
input  are  expressed  in  the  following  manner: 
Rounded  Pulse  Displacement: 

yU)  =  (•'<**>  t  )a  e-^*1  ,  t  >  0.  (10) 

4 

Rounted  Step  Displacement: 

y(t)  =  ¥  v  [  1.  -  e  *'uit  (  1.  +  Ktg,t  )]  ,  t  >  0. 

IlicLX 

(11) 


is 


|*-f|(*-f)+wJ(*-y)*o. 

(13) 


where  is  the  damping  parameter,  given  by  the 
following  expressions: 


Passive  Damper: 


Y 

max 


(14) 


Figure  6:  Rounded  pulse  displacement  input  for 
various  severity  parameters. 


Sequential  Dampsr  I: 


where  e  =  2.71828,  Y x  is  the  maximum  input 
displacement  ar.d  v  is8  the  shock  severity  para¬ 
meter,  defined  by 


Where  »j  is  the  duration  of  pulse  and  is  equal  to 
the  duration  of  an  equivalent  rectangular  pulse 
of  the  same  area  with  maximum  displacement  17.6% 
larger  than  Y,  in  case  of  rounded  pulse.  In 
case  of  rounded* step  r;  is  the  time  required  for 
the  displacement  to  reach  its  maximum  value. 
Figures  6  and  7  present  the  displacements  at  the 
base  with  respect  to  time  for  various  values. 


PERFORMANCE  EVALUATION  OF  SBQUBiTIAT  DAMPER 


The  equation  of  motion  of  the  spring  mass 
system  shown  in  Figure  1  with  sequential  damper 


if  *  (  *  -  f  ) 

if  x  (  i  -  y  ) 


>  0. 


<  0. 


(16) 


In  the  case  of  linear  dampers,  both  passive  and 
active,  it  is  possible  to  arrive  at  closed  form 
solutions  for  the  response  due  to  various  base 
excitations.  However,  the  equation  of  motion  (13) 
of  the  sequentially  danped  shock  isolator  has 
step  discontinuities  and  nonlinearity  due  to 
orifice  flows,  and  hence  closed  form  solutions 
are  not  attempted.  In  this  study,  the  differen¬ 
tial  equation  of  motion  is  solved  to  determine 
the  shock  isolation  performance,  using  direct 
intagration  techniques  based  on  the  fourth-order 
Runge-Kutta  method. 
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Figure  7:  Rounded  Step  displacement  input  for 
various  severity  parameters. 


In  order  to  evaluate  the  performance  of  a 
sequentially  damped  shock  isolator,  suitable 
performance  criteria  are  to  be  selected  such  that 
the  performance  characteristics  of  the  sequenti¬ 
al  damper  can  be  compared  to  that  of  a  passive 
shock  isolator.  Since  the  isolator's  basic 
requirement  is  to  minimize  the  acceleration 
transmitted  to  the  mass,  the  peak  mass  accelera¬ 
tion  is  perhaps,  the  most  important  criterion  to 
evaluate  the  shock  isolator  performance.  However , 
the  physical  considerations,  such  as  the  size  and 
operating  range  of  the  isolator  impose  a  restri¬ 
ction  on  the  maxianm  relative  displacement  which 
can  occur.  Thus  an  effective  isolator  should 
provide  a  lew  acceleration  transmitted  and  a  low 
relative  displacement,  but  in  practice  trade  offs 
are  to  be  made  between  these  two  quantities. 

The  performance  of  the  shock  isolator  is 
evaluated  in  terms  of  the  following  response  par¬ 
ameters: 

Shock  acceleration  ratio,  SAR  =  | x(t) |(nax/ 

Shock  velocity  ratio,  SVR  =  |  *(tMroax/|y(t) 1,^ 
Shock  displacement  ratio, SDR=jx(t)  | 

Relative  displacement  ratio,  RDR 

•I  «<t>  (17) 

RESULTS  AM)  DISCUSSIONS 

Shock  iaolation  performance  of  the  passive 
and  sequential  dampers  are  presented  in  terms  of 
SAR,  SVR,  and  RTR  characteristics  for  shock  sev¬ 
erity  parameter  ranging  from  0.1  to  20.  The 
shock  isolation  characteristics  of  the  sequential 
danper  is  compared  to  that  of  the  passive  damper 
subject  to  rounded  pulse  and  step  displacements 
at  the  base.  Figures  8  and  9  present  the  SAR 
response  of  the  passive  danper  subject  to  round¬ 
ed  pulse  and  step  displacement  respectively,  for 
various  danping  parameters,  a.  It  can  be  seen 
that  light  damping  provides  better  isolation  at 
higher  shock  severities,  while  high  damping  yei- 
lds  better  performance  corresponding  to  lower 


values  of  severity  parameter.  However,  1 ight 
damping  implies  mass  oscillations  for  longer  dur¬ 
ations. 

The  response  behaviour  of  sequential  danper 
employing  two  schemes  are  evaluated  for  X  =0.1 
m,  (*>,”  »,  a  (high  dairping)  =  12,  while  thematic 
of  damping  coefficients  (  T }  =  C  /  C*  )  is  varied 
in  the  range  0.1  to  0.5.  The  two  sequential  dam¬ 
pers  exhibit  identical  isolation  performance 
except  for  the  settling  time.  Figures  10  and  11 
present  a  comparison  of  SAR  characteristics  of 
of  passive  and  sequential  dampers,  subject  to 
rounded  pulse  and  step  displacement  inputs  resp¬ 
ectively,  for  various  r)  values.  The  sequential 
damper  provides  extremely  superior  SAR  response 
at  high  shock  severities.  The  SAR  response  of 
the  sequential  danper  is  slightly  larger  than 
that  of  the  passive  danper  at  low  values  of  shock 
severity.  Also  the  response  characteristics  of 
the  sequential  danper  approach  that  of  the  pass¬ 
ive  damper,  as  the  17  value  is  increased.  The 
SVR  characteristics  of  the  sequential  damper 
exhibit  similar  behaviour  as  shewn  in  Figures  12 
and  13  corresponding  to  rounded  pulse  and  rounded 
displacement  excitat'ons,  respectively.  The  res¬ 
ponse  characteristics  of  sequential  danper  reveal 
that  low  r)  value  provides  extremely  superior  SAR 
and  SVR  performances. 

The  relative  displacement  ratio  (RDR)  respon¬ 
se  characteristics  of  sequential  danper,  subject 
to  rounded  pulse  and  step  displacements  respect¬ 
ively,  are  presented  in  Figures  14  and  15.  The 


Figure  8:  SAR  response  of  passive  shock  isolator 
subject  to  rounded  pulse  displacement. 

RDR  characteristics  of  the  sequential  danper  are 
deteriorated  considerably  corresponding  to  low  17 
values  and  higher  shock  severities.  However,  the 
RDR  response  of  the  sequential  danper  approaches 
that  of  passive  danper  as  the  tj  value  is  increase:’. 
In  case  of  rounded  step  displacement,  the  RDR 
response  of  sequential  danper  with  77=  .25  appro¬ 
aches  the  RDR  response  of  passive  danper  at  shock 
severity  value  of  50.  The  sequential  damper  with 
TJ  =  .25,  provides  SAR  of  0.25  as  compared  to  0.45 
provided  by  the  passive  damper,  when  subject  to 
rounded  pulse  displacement.  The  corresponding 
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Figure  15:  RDR  response  of  passive  and  sequential 
dampers  subject  to  rounded  step  disp¬ 
lacement  input. 

RDR  response  of  the  sequential  damper  is  0.40 
compared  to  0.25  for  the  passive  damper. 

CONCLUSION 

Isolation  of  equipment  or  human  payloads* 
form  che  shock  inputs,  is  effectively  achieved 
througn  various  damping  mechanisms.  However,  the 
constant  damping  in  passive  shock  isolation  sys¬ 
tems  tends  to  increase  the  mass  acceleration  dur¬ 
ing  a  part  of  the  oscillation  cycle.  Lower  danp- 
ing  during  this  part  of  the  oscillation  cycle  can 
significantly  improve  the  isolation  performance 
of  the  passive  isolators.  However,  larger  dampi¬ 
ng  is  required  *n  the  remaining  part  of  the  cycle 
to  attenuate  the  mass  acceleration.  Hence,  a 
sequential  damper  is  devised,  which  provides  high 
damping  when  danper  acts  to  attenuate  the  mass 
acceleration.  The  damping  value  of  the  sequent¬ 
ial  danper  is  lowered  considerably,  when  passive 
damping  acts  to  accelerate  the  mass.  A  sequent¬ 
ial  danper  may  be  realized  by  introducing  a  two- 
position  valve  in  a  conventional  shock  absorber, 
to  modualte  the  orifice  size  to  yeild  two  aeque- 
ces  of  orifice  restrictions.  Two  control  crite¬ 
ria  are  proposed  and  analyzed  for  their  shock 
acceleration  ratio  (SAR),  shock  velocity  ratio 
(SVR)  and  relative  displacement  ratio  (RDR)  cha¬ 
racteristics.  The  response  behaviour  of  the  two 
proposed  sequential  dampers  is  identical  except 
for  their  respective  settling  times.  The  respo¬ 
nse  characteristics  of  the  sequential  damper  re¬ 
veal  extremely  supet ior  SAR  and  SVR  characteris¬ 
tics  when  compared  to  the  similar  characteristics 
of  the  passive  damper,  corresponding  to  higher 
shock  severities.  The  RDR  response  of  sequential 
danper  is  considerably  greater  than  that  obtained 
from  a  passive  danper.  However,  the  RDR  response 
of  the  sequential  danper  approaches  that  of  the 
passive  damper  as  the  value  of  is  increased. 
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LIQUID  SPRING  DESIGN  NETHOOOLOGY  FOR 
SHOCK  ISOLATION  SYSTEM  APPLICATIONS 


Marek  L.  Wlnlarz,  P.E. 

The  BDM  Corporetlon 
Albuquerque,  New  Mexico 


Liquid  springs  are  one  of  the  less  well  known  types  of  sprlng/daaper  system 
available  to  the  shork  Isolation  system  designer.  This  paper  describes 
current  liquid  spring  applications,  characteristics,  and  provides  a  slmpll- 
flel  order-of-magnltude  method  for  estimating  size  and  weight  of  a  liquid 
spring  In  any  proposed  application.  This  work  was  performed  under  contract 
funded  by  U.S.  Army  Corps  of  Engineers  Omaha  District. 


INTRODUCTION 

Among  the  various  hardening  strategies, 
shock  Isolation  Is  the  most  Important.  Shock 
Isolation  systems  are  used  in  a  wide  spectrum 
of  applications,  from  Isolating  personnel 
and  equipment  from  road  shock  In  surface 
vehicles,  to  mitigating  nuclear  weapons  Induced 
environment  In  missile  silos.  No  other 
ha.-denlng  scheme  offers  as  much  for  the  money 
as  an  effective  shock  Isolation  system. 

All  shock  Isolation  systems  use  some 
type  of  force  transmission  limiting  device, 
most  commonly  a  spring/damper  system,  though 
other  types  of  force  limiting  devices  such 
as  crushable  or  deformable  media  can  be  used 
In  some  specific,  one-time  applications. 

Of  the  spring  damper  combinations,  the 
most  common  are  steel  springs  with  external 
dampers,  elastomer  springs,  pneumatic  springs, 
and  liquid  springs.  Steel  springs  Include 
a  variety  of  configurations  such*  as  leaf, 
helical  (coll),  torsion,  constant  force  (clock 
type),  and  others  with  liquid  dampers 
(automotive  shock  absorbers)  or  friction 
dampers.  Elastomer  springs  Include  "rubber 
band"  types,  sometimes  wound  so  that  the 
adjacent  layers  expand  at  different  rates 
thus  providing  damping  by  friction  between 
layers.  Foams  are  also  examples  of  elastomeric 
spring  media  where  air  provides  damping  as 
well  as  some  spring  force  when  It  Is  squeezed 
out  of  the  foam  cells.  Foams  have  large 
hysteresis.  Pneumatic  or  gas  springs  are 
pistons  In  cylinders  compressing  gaseous  fluids. 
Internal  orifices  are  used  for  damping. 


Liquid  springs  resemble  pneumatic  springs 
except  the  spring  force  Is  achieved  by 
compressing  a  liquid  fluid.  Damping  Is  achieved 
by  forcing  the  liquid  through  Internal  orifices. 

For  the  sake  of  completeness  It  should 
be  mentioned  that  hybrid  system,  such  as 
hydropneumatic  springs,  may  be  used  to  achieve 
specific  tuning  characteristics. 

The  liquid  spring  designs  and  applications 
have  existed  for  years,  and  have  gained  wide 
acceptance  In  some  areas.  For  the  community 
at  large,  however,  the  liquid  spring  remains 
a  largely  esoteric  device.  The  purpose  of 
this  paper  Is  to  acquaint  the  coammlty  with 
the  characteristics  of  liquid  springs,  and 
to  present  a  simplified  "cookbook"  methodology 
to  allow  a  designer  to  evaluate  whether  a 
liquid  spring  Is  an  appropriate  device  for 
his  application. 

DESCRIPTION  OF  LIQUID  SPRINGS 

The  simplest  type  of  compression  type 
liquid  spring  Is  shown  In  Figure  1.  It  consists 
of  four  main  components:  cylinder,  piston, 
compressible  liquid,  and  seal.  As  the  force 
1$  applied  to  the  spring,  the  piston  Is  Inserted 
Into  the  liquid.  The  corresponding  decrease 
In  volume  of  the  liquid  raises  the  Internal 
pressure  which  acts  on  the  opposite  end  of 
the  piston  resisting  the  applied  force.  The 
working  pressure  In  the  liquid  reaches  276,000 
kPa  (40,000  psl)  at  the  end  of  the  stroke. 
At  neutral  (unloaded)  position  the  springs 
are  typically  precharged  to  lot  of  the  maximum 
working  pressure. 
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Figure  1.  Simple  Liquid  Spring  Schematic 


The  structural  steel  components,  l.e. , 
the  cylinder  and  the  piston,  are  fabricated 
froai  high  strength  1,100,000  kPa  (160  ksl) 
steel,  typically  ASTM  4340  heat  treated. 
Since  the  springs  operate  at  pressures  as 
high  as  276,000  kPa  (40,000  psl),  the  pressure 
vessels  (cylinders)  are  machined  from  a  solid 
billet,  shot  peened,  and  stress  relieved  to 
achieve  a  long  operating  life.  The  pistons 
are  finished  to  an  exacting  0.2  micrometers 
(8  microinches)  or  less  to  achieve  proper 
sealing. 

The  working  fluid  Is  typically  a  silicone 
oil  of  approximately  15X  compressibility 
(roughly  the  same  as  water)  at  250,000  kPa. 
The  oil  viscosities  can  be  formulated  over 
a  wide  range  but  50-100  cS  (centl stokes)  Is 
a  common  range  (Kinematic  viscosity  of  water 
Is  1  cS  at  20  deg.  C).  It  must  be  noted  that 
viscosity  varies  widely  with  temperature, 
pressure,  and  rate  of  deformation.  The  numbers 
given  are  at  STP,  and  may  differ  in  actual 
applications. 


The  spring  rate  Is  dependent  on  the  bulk 
modulus  of  the  fluid  which  Increases 
approximately  linearly  from  690,000  kPa  at 
atmospheric  pressure  to  3,000,000  kPa  at  250,000 
kPa  applied  pressure  (Figure  2). 
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Figure  2.  Bulk  Modulus  for  Various  Fluids 
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Differential  Area  Seal 


b.  Poisson  Effect  Seal 


Figure  3.  Liquid  Spring  Seal  Types 
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Two  conrnon  types  of  seels  are  used: 
differential  area  and  Poisson  effect.  The 
differential  area  seal,  shown  In  Figure  3a, 
works  on  the  principle  of  pressing  tighter 
against  the  piston  and  the  cylinder  as  the 
pressure  Increases  by  virtue  of  Its  geometry. 
The  Poisson  effect  seal  Is  a  sandwich  of  rubber 
between  two  metal  plates.  As  the  pressure 
Increases,  the  rubber  Is  squeezed  longitudinally 
and  grows  radially,  thus  pressing  aqalnst 
the  piston  and  cylinder.  Sometimes  pins  are 
used  to  decrease  the  effective  rubber  area 
thus  Increasing  the  pressure  In  the  rubber 
beyond  the  pressure  In  the  fluid.  Both  types 
ox  seals  have  been  proven  effective  In  liquid 
spring  applications.  In  fact,  burst  tests 
show  that  cylinder  structures  fall  before 
seals  do.  In  other  very  high  pressure 
applications,  differential  area  seals  are 
effective  In  excess  of  3,500,000  kPa  (500 
ksl ). 


In  addition  to  the  compression  type, 
two  more  liquid  spring  configurations  exist: 
extension  or  tension  tyne  arid  a  combination 
compression-extension.  The  extension  liquid 
spring,  shown  In  Figure  6,  works  by  Insertion 
of  a  larger  diameter  rod  4nto  the  liquid, 
thus  compressing  the  fluid.  The  expansion 
spring  has  two  seals,  one  at  each  end.  A 
disadvantage  of  the  extension  spring  Is  tnat 
this  configuration  Is  longer  as  the  structure 
must  have  adequate  space  to  contain  the  thick 
portion  of  the  rod. 

The  compression-extension  spring  Is  a 
"folded"  design,  compressing  the  fluid 
regardless  of  whether  the  spring  is  extended 
or  compressed.  This  design  is  shown  In  Figure 
7  In  the  neutral,  extended,  and  compressed 
configurations.  The  added  flexibility  comes 
at  a  price  of  Increased  weight  and  complexity. 


Damping  Is  accomplished  by  use  of  damping 
or  "drag"  plates  (Figure  f).  The  drag  plates 
limit  the  area  through  which  liquid  flows 
around  the  piston,  thus  providing  resistive 
force  as  a  function  of  piston  velocity.  In 
actual  applications  the  damping  provides  50S 
or  more  of  the  resistive  force.  A  solid  drag 
plate  Is  the  simplest  damping  mechanism. 
Alternatively  a  drag  plate  may  have  a  seal 
around  It  and  orifices  through  It  to  allow 
liquid  flow.  Some  structural  rigidity  may 
be  gained  by  this  approach  (Figure  5a).  The 
orifices  may  have  check  valves  to  tune  damping 
as  a  function  of  direction,  position,  or 
velocity  (Figure  5b).  Finally,  a  sleeve  may 
be  used  to  vary  the  damping  as  a  function 
of  position.  By  covering  the  orifices  at 
the  end  of  the  stroke,  this  design  provides 
a  "soft  stop",  preventing  crashing  the  piston 
Into  the  cylinder  structure  (Figure  5c). 
A  combination  of  these  mechanisms  may  be  used 
to  tune  the  damping  to  the  designer's 
specifications.  Additionally,  the  seals  provide 
some  frictional  damping  force,  however  the 
overall  contribution  Is  small. 


LIQUID  SPRING  CHARACTERISTICS 

Liquid  springs  have  many  virtues  that 
are  applicable  In  a  wide  range  of  applications. 
Since  the  working  fluid  Is  relatively 
Incompressible  and  has  a  high  bulk  modulus, 
a  very  high  spring  rate  can  be  achieved  In 
a  compact  package.  The  spring  rate  can  be 
easily  tuned  by  varying  the  piston  area  and/or 
the  volume  of  the  liquid. 

The  liquid  remains  stable  at  high  pressures 
and  returns  to  the  original  volume  and  pressure 
after  compression.  The  limiting  factor  for 
liquids  is  the  phase  change  which  occurs  at 
high  pressures  (water  becomes  solid  at  700,000 
kPa  (100  ksl)).  However,  the  practical  spring 
rate  limiting  factor  Is  the  structural  capacity 
of  the  pressure  cylinder.  The  spring  pecomes 
Impractical  when  the  size  and  weight  of  the 
structure  become  too  great  and  negate  the 
space  saving  advantages. 


CYUNDER 


DRAG  PLATE 
(PISTON  HEAD) 

Figure  4.  Compression  Type  Liquid  Spring 
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c.  Sleeve  Damping  Mechanism 
Figure  5.  Typical  Damping  Mechanisms 


Figure  6.  Fxtension  Type  Liquid  Spring 
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The  liquid  spring  medium  exhibits  no 
fatlgun.  TMs  makes  the  spring  Ideal  In 
applications  whnre  repeated  loadings  occur. 
Liquid  spring  response  characteristics  remain 
constant  throughout  Its  life,  assuming  no 
loss  of  liquid  and  no  loss  of  rigidity  In 
the  spring  structure.  The  spring  structure 
does  experience  fatigue,  however  the  strain 
magnitude  of  the  structure  Is  small  compared 
to  the  strain  of  the  liquid. 


The  liquid  spring  medium  exhibits  no 
creep.  Therefore  it  is  Ideal  ii  static 
applications  where  a  constant  preload  must 
be  maintained.  Additionally,  liquid  spring 
can  support  various  loads  with  no  deflection 
( or  a  desired  deflection)  by  varying  the  preload 
pressure  In  the  liquid. 

Liquid  springs  are  reliable.  Barring 
Initial  qiial'ty  problems,  several  off-the-shelf 
designs  exist  with  a  known  track  record  In 
various  applications. 
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APPLICATIONS 

The  most  numerous  application  of  liquid 
springs  has  been  in  the  aircraft  landing  gear 
applications.  Virtually  every  commercial 
and  military  aircraft  uses  liquid  springs 
as  its  landing  shock  mitigation  system. 
Passenger  aircraft  such  as  Boeing  707,  727,737, 
767;  McDonnell  Douglas  DC- 10,  and  Lockheed 
L- 101 1  are  a  few  examples.  Fighter  aircraft 
such  as  General  Dynamics  F- 16  and  Fairchild 
Republic  A-10  use  them.  Liquid  spring  landing 
gear  is  also  used  on  the  Space  Shuttle  orbiters, 
Rockwell  International  B-l  Bombers  (Figure  8), 
and  numerous  helicopters.  These  applications 
make  use  of  the  liquid  springs'  ability  to 
mitigate  repeated  shock  loadings,  their  compact 
size,  and  their  light  weight. 

The  liquid  springs'  static  support  ability 
with  no  creep  has  been  an  advantage  in  Minuteman 
missile  silos  and  launch  control  facilities. 
Liquid  springs  have  a  very  good  maintenance-free 
record  in  this  application. 


In  addition,  liquid  springs  ere  used 
in  facilities  such  as  conventional  and  nuclear 
power  plants  to  protect  the  equipment  against 
seismic  loads,  in  ships  to  isolate  decks  against 
underwater  explosions,  in  submarines  to  protect 
missiles  and  launch  tubes,  and  in  large  caliber 
guns  to  absorb  recoil  loads. 

DESIGN  METHODOLOGY  INTRODUCTION 

The  following  section  presents  a  simplified 
step-by-step  design  methodology  to  allow  the 
shock  isolation  system  designer  to  estimate 
the  approximate  dimensions  and  weight  of  a 
liquid  spring  for  his  application.  It  must 
be  stressed  that  the  method  presented  here 
serves  only  to  determine  the  approximate  spring 
configuration.  The  actual  spring  behavior 
is  quite  complex  as  the  specific  fluid 
characteristics  such  as  bulk  modulus,  viscosity, 
and  compressibilty  are  functions  of  temperature, 
pressure,  and  force  application  rate.  Also 
a  10*  variability  may  be  expected  in  all 
parameters.  In  addition  effects  such  as 
"breathing"  (cylinder  expansion  due  to  increased 
internal  pressure)  further  complicate  the 
behavior. 


Figure  8.  Liquid  Springs  fn  Landing  Gear  Application 
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For  these  reasons  no  exact  analytical 
procedure  exists.  Detailed  design  performed 
by  liquid  spring  manufacturers  Is  performed 
by  mostly  empirical  methods  supported  by 
extensive  testing  to  obtain  the  desired  spring 
and  damping  characteristics. 

The  method  presented  here  is  for  a 
compression  type  liquid  spring.  A  second 
generation,  enhanced  version  of  this 
methodology,  the  theory,  and  additional  methods 
for  extension  and  compression-extension  liquid 
springs  may  be  found  In  Re  Terence  1.  Some 
of  the  background  Information  comes  from  the 
Air  Force  Design  Manual  (Reference  2).  No 
dynamic  analysis  was  attempted  -  the  stroke 
was  assumed  to  be  equal  to  the  rattlespace 
requirement. 

During  the  development  of  this  methodology, 
the  author  wrote  a  BASIC  computer  program 
for  the  Apple  II  microcomputer  which  follows 
the:  steps  presented  below.  This  program, 
as  well  as  ones  for  the  extension  and  the 
compression  -  extension  liquid  spring  types 
may  be  shared  with  interested  incivi duals. 


DESIGN  PROCEDURE 

Refer  to  Figure  9  for  dimensional  variables 
In  the  procedure.  The  procedure  was  developed 
using  English  units:  inches,  pounds,  seconds. 

1.  Determine  the  compressive  stroke  (X) 
requirement.  For  weapons  Induced  environments 
the  stroke  Is  assumed  to  be  aqual  to  the 
rattlespace  requirement. 

2.  Determine  the  weight  (W)  of  the  mass 
to  be  shock  isolated. 

3.  Determine  the  maximum  allowed  acceleration 
(Amax)  of  the  object  to  be  shock  Isolated. 

4.  Define  the  maximum  spring  operating 
pressure  (Pmax).  A  typical  value  is  276,000 
kPa  (40,000  psi). 


5.  Define  the  yield  and  ultimate  stresses 
of  the  steel  structure.  A  typical  material 
Is  ASTM  4340  heat  treated  steel. 

Yield  stress  °y  =  980,000  kPa 
(142,000  psl) 

Ultimate  stress  °u  =  1,100,000  kPa 
(160,000  psl) 

6.  Determine  the  safety  factors.  These 
vary  with  application,  however  minimum  safety 
factors  for  dynamic  loads  as  recommended  by 
liquid  spring  manufacturers  are: 

Yield  safety  factor  Ny  =  1.25 
Ultimate  safety  factor  Nu  =  2.0 

7.  Define  material  densities.  These  will 
be  used  to  estimate  the  weight  of  the  spring. 
In  this  procedure  the  density  of  the  seals 
Is  assumed  to  be  equal  to  the  density  of  steel. 
Typical  values  are: 

Density  of  steel  ps  a  7.84  g/cm3 

(0.283  lb/1n3) 

Density  of  fluid  p-|  =  0.97  g/cm3 

(0.35  1 b/1 n3 ) 

(Dow  Corning  200  cS  Silicone  Oil) 

8.  Determine  externally  applied  preload 

force  (Fp).  This  Is  the  force  necessary  to 
carry  a  static  load.  This  load  will  determine 
the  preload  pressure  In  the  liquid.  If  no 

static  load  Is  to  be  carried,  or  If  the  load 
is  lighter  than  the  normal  preload  pressure 
will  support,  then  the  preload  pressure  will 
be  lOt  of  the  maximum  working  pressure  (27,600 
kPa). 

9.  Determine  the  preload  position  { Pp) . 

Preload  position  Is  the  position  of  the  piston 
displaced  from  the  fully  extended  position 
(It  can  be  aero).  Total  stroke  (S)  Is: 

(1)  S  =  X  +  Pp 


10.  Calculate  total  maximum  force  (Fm). 

This  maximum  force  contains  both  the  spring 
force  and  the  damping  force  components. 

(2)  Fm  =  An,  x  W  /  Cg 

where  An,  Is  allowable  acceleration 
W  Is  the  weight  of  the  object 
Cg  Is  the  gravitational  constant 
(386.4  In/sec2) 

11.  Calculate  the  maximum  spring  component 
of  the  force  (Fk).  Assume  that  the  sprl.iy 
force  provides  one-half  of  the  maximum  force 
contribution. 

(3)  Fk  «  0.5  x  Fn, 

12.  Calculate  the  preload  force  (Ft)  which 
the  spring  will  support  with  no  deflection. 
This  is  normally  10X  of  the  maximum  spring 
force. 

(4)  Ff  =  0.1  x  Fk 

13.  If  the  externally  applied  static  load 
(Fp  from  step  8)  exceeds  the  normal  preload 
force  In  step  12,  then  the  external  preload 
force  Is  used. 

(5)  If  Fi  <  Fp  then  -  Fp 

14.  Calculate  the  spring  rate  (k).  Assume 
a  linear  spring. 

(6)  k  -  (Fk  -  Ft)  /  X 

15.  Calculate  the  effective  piston  area  (A^,). 

(7)  Ae  =  k  x  X  /  Pmx 

16.  calculate  the  piston  diameter  (Dl) 

(8)  Dj  =  (4  x  Ae  /  v)H 
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17.  Check  for  buckling  resistance.  The 

buckling  analysis  was  done  using  the  methods 
in  Reference  3.  Complete  derivation  Is  shown 
in  Reference  1.  Calculate  the  minimum  or 
critical  rod  diameter  (Dmin). 

(9)  Dmin  =  (64  x  Fm  x  (S  +  2)*  /  (.»  x  E))* 

where  E  is  Young's  Modulus  =  29,000,000 

for  steel 

and  S  +  2  is  the  length  of  the  rod. 

The  2  (inches)  is  an  arbitrary  addition  to 
the  length  of  the  rod  and  may  be  changed 

depending  on  specific  circumstances. 

18.  If  the  minimum  buckling  diameter  (Dmin) 

is  greater  than  Dj  then  this  is  the  diameter 

that  must  be  used.  Effective  piston  area 

will  be  changed  as  well. 

(10)  If  Dm-jn  >  Dj  then  =  Dm-jn 

and  Ae  =  n  x  Dj*  /  4 

In  addition  maximum  spring  operating  pressure 
must  be  changed  to  satisfy  equation  7. 

(11)  Pmax  =  k  x  X  /  Ae 

19.  Calculate  compressibility  (C)  from  maximum 
spring  operating  pressure  (Figure  10). 
Compressibility  may  also  be  scaled  approximately 
from  the  curve. 


A  curve  fit  equation  was  developed  which 
allows  calculation  of  compressibility. 
Procedure  is  as  follows: 

19a.  Convert  maximum  operating  pressure  from 
pounds  per  square  inch  (psi)  to  thousands 
of  pounds  per  square  inch  (ksi) 

(12)  P  =  Pmax  /  1000 

19b.  Solve  curve  fit  equation 

(13)  C'  =  8.0  +  0.373827  x  (P  -  16.172) 

-  0.00645  x  (P  -  16.172)2 

+  0.0001667  x  (P  -  16. 172 ) 3 

-  0.0000059  x  (P  -  16.172)4 

+  0.00000003  x  (P  -  16.172)5 

19c.  Convert  from  percent  to  decimal 

(14)  C  =  C'  x  0.01 

20.  Calculate  the  liquid  volume  (V0) 

(15)  V0  =  Ae  x  X  /  C 

21.  Determine  the  working  stress  (°w) 

from  steel  properties  and  safety  factors  (steps 
5  and  6) 

(16)  °1*  °y  /  Ny 

(17)  °2  =  °u  /  Nu 


PRESSURE  (kPa) 

Figure  10.  Silicone  Fluid  Compressibility 


Use  the  lesser  of  the  two: 

(18)  If  <  °2  then  =  a1 

(19)  If  °2  <  then  °w  =  °2 

22.  Calculate  the  inside  diameter  of  the 
cylinder  (Dc) 

(20)  Dc  =  ((4  x  V0  /  ir  +  Dj2  x  Pp)  / 

(X  +  Pp))55 


23.  Calculate  the  drag  plate  thickness  (Td). 
This  Is  a  scaling  procedure  based  roughly 
on  the  dimensions  of  currently  existing  liquid 
springs. 

(21)  Td  =  0.2  x  Dc 

24.  Calculate  the  seal  thickness  (Ts).  This 
is  also  a  scaling  procedure  as  In  Step  23 
above. 

(22)  Ts  =  0.3  x  Dc 

25.  Calculate  the  outside  diameter  (D0)  of 
the  pressure  cylinder.  Complete  derivation 
is  presented  in  Reference  1  based  on  methods 
in  Reference  4. 

(23)  D0  -  Dc  x  (°w  /  («w  -  Pnax))*4 
or 

(24)  D0  =  Dc  x  exp  (P^ax  /  °w) 

Use  the  greater  value  of  D0  from  equations 
23  and  24. 

26.  Calculate  the  cylinder  wall  thickness 
(Tc)  from  the  outside  and  inside  diameters 
of  tne  cylinder. 

(25)  Tc  =  (D0  -  Dc)  /  2 

27.  Near  the  ends  of  the  cylinder  additional 
stresses  exist  due  to  bending  near  the  end 
plates.  The  cylinder  wall  thickress  is  greater 
in  these  regions  by  approximately  50*.  Calling 
it  the  reinforced  section  of  the  cylinder, 
the  reinforced  wall  thickness  (Tr)  Is  scaled 
from  the  unreinforced  wall  thickness. 

1.5  x  Tc 


28.  Calculate  the  outside  diameter  of  the 
reinforced  section  of  the  cylinder  (0D) 

(27)  0D  =  Dc  +  (2.0  x  Tr) 

29.  Calculate  the  end  plate  thickness  (Te). 
The  end  plate  thickness  Is  scaled  from  existing 
spring  designs  and  It  equals  approximately 
twice  the  reinforced  cylinder  wall  section. 

(28)  Te  -  2.0  x  Tr 

30.  Calculate  the  reinforced  section  length. 
This  Is  a  scaled  dimension  from  existing  designs 
and  It  equals  approximately  2.5  times  tne 
thickness  of  the  end  plates. 

(29)  Lr  =  2.5  x  Te 

31.  Calculate  the  total  cylinder  length  (Lc). 

(30)  Lc  *  S  +  Ts  +  Td  +  (2.0  x  Te) 

32.  Calculate  the  unreinforced  cylinder  section 
length  (Lu). 

(31)  Lu  ■  Lc  -  (2-0  x  Lr) 

33.  Calculate  the  rod  length  (Lj). 

(32)  Lj  =  S  +  Ts  +  Tp  +  Td  +  2.0 

where  2.0  (inches)  is  added  arbitrarily 
and  may  be  changed  depending  upon  application. 
It  means  that  2  Inches  of  the  rod  remain  outside 
the  cylinder  at  full  compression. 

34.  Calculate  fully  extended  spring  length 
(Lx)- 

(33)  Lx  -  Lc  +  Lj  -  Te  -  Ts  -  Td 


(26)  Tr  = 


35.  Calculate  fully  compressed  (minimum) 

length  (Lmin) - 

(34)  ■  Lc  ♦  2.0 

36.  Calculate  volume  of  steel  1r.  the 

unreinforced  section  of  the  cylinder  (Vu). 

(35)  Vu  =  .  /  4  x  (D02  -  Dc2)  x  Lu 

37.  Calculate  volume  of  steel  In  the  reinforced 
sections  of  the  cylinder  (Vr). 

(36)  Vr  =  u  /4  x  (OD2  -  D!2)  x  2.0  x  Lr 

38.  Calculate  volume  of  the  end  plate  on 

the  rod  side  of  the  cylinder  (Vei). 

(37)  Vei  =  it  /  4  x  (Dc2  -  Di2)  x  Te 

39.  Calculate  volume  of  the  end  plate  on 

opposite  side  (Ve2). 

(38)  Ve2  =  it  /  4  x  Dc2  x  Te 

40.  Calculate  volume  of  the  seal  (Vs) 

(39)  Vs  -  it  /  4  x  (Dc2  -  Dj2)  x  Ts 

'•  Calculate  volume  of  drag  plate  (Vd). 

Vd  -  i  /  4  x  (Dc2  -  Dj2)  x  Td 

42.  C  culate  volume  of  the  piston  rod  (V^). 

(4’  /,  =  Ae  x  Lj 


43.  Calculate  total  volume  of  steel  ( Vt )  - 

For  the  purpose  of  this  calculation  It  Is 
assumed  that  the  seal  Is  made  of  steel. 

(42)  Vt  =  Vu  +  Vr  +  Vei  *  Ve2  +  Vs  +  Vd  t  Vj 

44.  Calculate  the  weight  of  steel  In  the 

liquid  spring  (Ws). 

(43)  Ws  -  Vt  x  Ps 

45.  Calculate  the  weight  of  liquid  In  the 

spring  (W]). 

(44)  W,  =  V0  x  Pe 

46.  Calculate  total  weight  of  the  liquid 

spring  (Wt). 

(45)  Ht  =  Hs  +  W, 

The  above  procedure  calculates  the 
necessary  parameters  to  determine  the 
order-of-magnitude  spring  geometry  and  weight. 

EXAHPLE 

The  example  in  Figure  11  shows  the 
calculated  parameters  for  sample  shock  isolation 
criteria. 
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**♦***.,+*•*■**■*•*■•**■■*•**•*■■*■**■■*** 

*  LIQUID  SPRING.COM  * 

*  MAREK  L.  WINIARZ  * 

*  REV  2,  SEPT  28,  1986  * 

**•**•#■  ■******#******■*•■»•■***•**■* 

INPUT  PARAMETERS 

MAX  FREE  FIELD  DISPLACEMENT  IS  24  INCHES 

MAX  ACCELERATION  ALLOWABLE  IS  1.1  G’S 

WEIGHT  OF  ISOLATED  MASS  IS  40000  LB 

MAX  SPRING  OPERATING  PRESSURE  IS  17326.4368  PSI 

MATERIAL  YIELD  STRESS  IS  142000  PSI 

MATERIAL  ULTIMATE  STRESS  IS  160000  PSI 

YIELD  SAFETY  FACTOR  IS  1.25 

ULTIMATE  SAFETY  FACTOR  IS  2 

PRELOAD  POSITION  IS  0  IN 

SPRING  PRELOAD  FORCE  IS  2200  POUNDS 


OUTPUT  PARAMETERS 
SPRING  DIMENSIONS 

SPRING  OUTSIDE  DIAMETER  IS  3.7433966  IN 
CYLINDER  LENGTH  IS  27.3S77103  IN 
CYLINDER  INSIDE  DIAMETER  IS  2.73538863  IN 
ROD  DIAMETER  IS  1.20623836  IN 
FULLY  EXTENDED  LENGTH  IS  33.3877103  IN 
FULLY  COMFRESSED  LENGTH  IS  29.3877103  IN 
TOTAL  STROKE  IS  24  IN 

LIQUID  VOLUME  IS  141.038874  IN~3 

WEIGHT  CF  SFRING  IS  *6. 8663728  LB 


Figure  11.  Liquid  Spring  Design  Example 
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DESIGN  AND  TEST  OP  A  SPACECRAFT  INSTRUMENT  SHOCK  ISOLATOR 


D.  Schiff,  N.  Jones  and  S.  Fox 
Assurance  Technology  Corporation 
Carlisle,  Massachusetts 


A  shock  isolator  is  required  to  protect  the  accelerometer  in  a 
satellite  attitude  control  system  against  pyrotechnic  shock. 
This  shock  isolator  must  also  yield  an  acceptable  response  to 
the  random  vibration  environment,  maintain  angular  alignment 
within  0.25  degrees  of  arc,  and  meet  restrictive  weight  and 
volume  requirements.  The  time  available  for  design,  fabrication 
and  test  precluded  the  custom  fabrication  of  elastomeric  parts. 
After  consideration  of  several  design  concepts,  an  approach  was 
selected  which  utilizes  commercially  available  O-Rings  as  the 
springs  for  the  shock  isolator.  The  final  design  provided 
acceptable  accelerations  at  the  attitude  control  system  when 
tested  to  the  specified  shock  and  vibration  environments,  and 
maintained  angular  alignment  well  within  required  limits. 


1 . 0  INTRODUCTION 


Some  spacecraft  are  equipped  with 
an  Attitude  Control  System  (ACS)  which 
contains  Accelerometer  Sensor  Assemblies 
(ASA) .  These  ASAs  are  used  on  spinning 
orbital  apace  vehicles  as  part  of  an 
active  nutation  control  system.  They 
must  perform  to  specification  after 
being  subjected  to  pyrotechnic  shock  and 
random  vibration  environments,  and  they 
must  also  maintain  their  angular  align¬ 
ment  with  respect  to  the  mounting  plane. 
A  shock  isolator  ie  required  to  protect 
the  ASA  from  the  shock  environment. 

This  paper  describes  the  design  and 
test  of  an  ASA  shock  isolator  for  a  spe¬ 
cific  application,  but  the  methods  and 
analysis  may  be  used  for  the  design  of 
other  instrument  shock  isolators.  In 
the  present  case,  in  addition  to  shock 
reduction,  the  isolator  must  yield  an 
acceptable  response  to  the  random  vibra¬ 
tion  environment,  maintain  the  angular 
alignment  within  0.25  degrees,  fit  with¬ 
in  a  2.4  inch  diameter  x  1.8  inch  high 
envelope  and  weigh  less  than  0.6  pounds. 
Commercially  available  shock  isolators 
are  too  large  and  too  soft  and  will  not 
maintain  angular  alignment  after  expo¬ 
sure  to  the  acceleration  environments. 
The  time  that  was  available  for  design, 
fabrication  and  test  of  the  shock  isola¬ 
tor  precluded  the  custom  fabrication  of 
an  elastomeric  part.  After  considera¬ 
tion  of  several  design  concepts,  an 


approach  was  selected  which  utilises 
commercially  available  silicone  O-Rings 
as  the  shock  isolator  spring  elements, 
integrated  with  readily  machined  alumi¬ 
num  and  stainless  steel  parts. 


2.0  ACCELERATION  ENVIRONMENTS  AND 

ACCELEROMETER  CHARACTERISTICS 

The  pyrotechnic  shock  acceleration 
response  spectrum  and  the  random  vibra¬ 
tion  power  density  spectrum  specified 
for  the  shock  isolator  are  shown  in 
Tables  1  and  2,  respectively.  These 
specifications  were  estimates  of  the 
shock  and  vibration  environment  to  which 
the  shock  isolator  would  be  exposed,  and 
they  were  used  as  design  guidelines.  It 
was  subsequently  discovered,  in  pyrotech¬ 
nic  shock  testing  of  the  flight  configu¬ 
ration,  that  the  actual  pyrotechnic 
shock  environment  was  more  severe  than 
specified  at  some  frequencies.  See 
Section  7.0. 

The  accelerometer  is  tested  by  the 
manufacturer  to  meet  all  performance 
specifications  after  being  subjected  to 
a  250g  peak,  11  millisecond,  half  sine 
shock  in  three  mutually  perpendicular 
axes  and  a  25g  (peak)  sine  sweep  from 
20Hz  to  2,000Hz  in  all  axes.  The  accel¬ 
erometer  body  is  1.00  inch  diameter  x 
1.00  inch  high,  with  a  1.16  inch  square 
mounting  flange,  and  a  total  weight  of 
0.143  lbs.  Two  views  of  the  accelerom¬ 
eter  are  shown  in  Figure  1. 


TABLE  1 

PYROTECHNIC  SHOCK  RESPONSE  SPECTRUM 


FREQUENCY  (Hz) 

SHOCK  RESPONSE 

ACCELERATION  (g) 

100 

48 

100-3,400 

+7 . OdB/ Octave 

3,400-6,000 

2828 

6,000-10,000 

-3.4dB/Octave 

10,000 

2121 

NOTES.  1.  Shock  testing  i«  done  when  the  ecceleroaeter  le 
non-op#  rational. 

2.  The  test  tolerance  le  i  3dB  of  the  epedfled  acceleration  fro* 
lOOHs  to  3,0Q0Ha.  Above  3,OOOEe,  the  acceleration  la  Maintain¬ 
ed  as  close  aa  poaaible  to  specified  values  within  the  Unite 
of  the  test  facility. 


3.  The  shock  la  Imposed  In  both  directions  In  each  of  three 
mutually  perpendicular  a  see  for  a  total  of  alz  shocks. 


TABLE  2 

RANDOM  VIBRATION  POWER  DENSITY  SPECTRUM 


FREQUENCY  (Hz) 

POWER  SPECTRAL 

DENSITY  (g2/Hz) 

20 

0.02 

20-60 

+10  dB/Octav# 

60-200 

0.80 

200-400 

-4  dB /Octave 

400 

0.32 

400-2,000 

-9dB/0ctave 

2,000 

0.0026 

NOTES.  1.  Gras  “  16. 7g,  with  a  ±10X  tolerance. 

2.  (Undo*  vibration  testing  la  dona  when  the  acceleroneter  Is 
non-ope  rational . 

3.  The  tolerance  le  ±1.5dB  of  the  specified  power  spectral 
density  froa  20H*  to  SCOHs,  and  ±3.0dB  fron  SOOHa  to  2,000Hz. 


4.  The  rando*  vibration  Is  laposed  for  120  seconds  In  each  of 

three  Mutually  perpendicular  axes  for  a  total  of  360  seconds. 


30 


3.0  SELECTION  OP  SHOCK  ISOLATOR 

FUNDAMENTAL  NATURAL  FREQUENCY 

Applying  the  normalised,  four  coor¬ 
dinate  shock  spectrum* D  with  5*  damping 
to  the  250g  peak,  11  millisecond  half 
sine  shock  pulse  (used  by  the  manufac¬ 
turer  for  quality  assurance  test  pur¬ 
poses)  characterises  the  shock  response 
acceleration  as  shown  in  Figure  2.  The 
manufacturer  also  provided  the  informa¬ 
tion  that  the  accelerometer  component 
which  failed,  at  acceleration  levels 
much  greater  than  250g,  has  a  funda¬ 
mental  natural  frequency  in  the  range  of 
2,000Bs  to  2,S00Bs.  Based  on  this  data, 
a  design  parameter  was  imposed  on  the 
shock  isolator  that  its  fundamental 
natural  frequency,  F0,  correspond  to  a 
response  acceleration  of  leas  than  250g 
as  determined  from  the  specified  pyro¬ 
technic  shock  response  spectrum  of  Table 
1.  This  results  in  an  upper  limit  of  F0 
-  415BS. 

The  maximum  value  of  the  3- 
sigma  peak  acceleration  (Gp*)  due  to  the 
random  vibration  environment  specified 
in  Table  2  is  Gpu  ■  117g  which  occurs  at 
P0  -  200Hx.  *This  value  of  Gp*  was 

obtained  using  a  value  of  transmissibil- 
ity,  Q  *  6,  in  the  equation 

(1)  Gpk  -  3  (V2  •  PSD  •  Q  •  F)*, 

where  PSD  ■  power  spectral  density. 

The  value  Q  »  6  was  found  to  be  approxi¬ 
mately  correct  when  the  shock  isolator 


FIGURE  2s  ACCELERATION  RESPONSE  SPECTRUM  FOR  250g  PEAK, 
0.011  SECOND  HALF-SINE  SHOCK  PULSE 
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was  subjected  to  sine  sweep  tests  and 
randoa  vibration  testa.  The  result  is 
that  the  random  vibration  environment 
produces  peak  accelerations  which  are 
well  below  the  250g  limit  of  the 
accelerometer. 

The  lower  limit  on  F0  is  determined 
by  the  maximum  allowable  deflection  in 
the  shock  isolator,  given  by 

(2)  D  •  9.8G/F02  inchM)* 

with  G  in  units  of  g  -  386  inch/second2, 
where  it  is  assumed  that  all  the  deflec¬ 
tion  occurs  in  the  shock  isolator.  The 
O-Ring  shock  isolator  design  allows  a 
maximum  deflection  of  0.030  inch  in  all 
three  axes  before  the  O-Rings  are  com¬ 
pressed  to  where  the  metal  parts  come 
into  contact.  In  the  randoa  vibration 
environment,  a  3-sigaa  peak  deflection 
of  0.030  inch  occurs  at  F0  -  194  Hat  in 
the  pyrotechnic  shock  environment,  a 
0.030  inch  deflection  occurs  at  Fc  - 
17lHs. 

The  median  value  of  F0  between  the 
upper  limit  of  415HX  imposed  by  accel¬ 
eration  and  the  lower  limit  of  194Rx 
imposed  by  displacement  is  305Hx.  A 
design  goal  of  F0  »  3008s  was  chosen, 
with  a  desired  range  of  F0  ■  2508s  to 
350Hx  to  allow  for  uncertainties  in 
spring  constants  due  to  material  varia¬ 
bility  and  analytical  estimates.  Table 
3  shows  the  calculated  accelerations  and 
displacements  due  to  the  shock  and 
random  vibration  environments.  At  F0  - 
250Hx,  the  0.022  inch  displacement  is 
73%  of  the  design  clearance  of  0.030 
inch.  At  F0  -  350  Hs,  the  acceleration 
of  206g  is  82%  of  the  design  limit  of 
250g.  In  both  cases  it  is  the  pyro¬ 


technic  shock  which  provides  the  more 
severe  environment. 

4.0  SHOCK  ISOLATOR  DESIGN 

The  O-Ring  shock  isolator  design  is 
shown  in  Figure  3.  The  base  plate,  out¬ 
side  support  and  center  support  are 
6061-T6  aluminum;  the  mounting  plate, 
top  support  and  screws  are  303  stainless 
steel.  The  O-Rings  are  commercially 
available  and  are  silicone.  The  S  axis 
1  e  parallel  to  the  accelerometer  sensing 
..xis  and  normal  to  the  base  plate.  The 
X  axis  is  normal  to  the  8  axis  and  also 
represents  the  third  (Y)  axis  in  analy¬ 
sis  and  test.  The  larger,  upper  and 

lower  O-Rings  are  the  springs  for  the  X 
axis  motion;  the  smaller,  center  O-Ring 
is  the  spring  for  the  X-axis  motion. 
All  three  O-Rings  have  the  same  thick¬ 
ness  of  0.103  inch.  The  shock  isolator 

design  allows  a  0.030  inch  clearance 
between  metal  parts  separated  by  O- 
Rings,  i.e.,  the  O-Ringa  must  be  com¬ 
pressed  0.030  inch  before  the  metal 

parts  touch.  The  total  weight  of  the 
shock  isolator  is  0.952  lbs.,  and  the 
weight  supported  by  the  O-Rings  is  0.577 
lbs.  The  center  of  gravity  (CG)  of  this 
0.577  lbs.  is  at  the  center  of  the  three 
O-Ring  configuration. 

The  base  plate  fundamental 

natural  frequency  was  measured  to  be 
3,100Hs  (sine  sweep  tests)  and  the  out¬ 
side  support  fundamental  natural  fre¬ 
quency  was  estimated  to  be  in  excess  of 
25,000Bx.  These  frequencies  are  much 
greater  than  the  300Hx  shock  isolator 
design  goal  and  are  effectively  isolated 
from  the  accelerometer  by  the  shock 
isolator. 


TABLE  3 

CALCULATED  ACCELERATIONS  AND  DISPLACEMENTS 


F0  (Hr) 


250 

300 

350 


_ PYROTECHNIC  SHOCK _ , _ . 

ACCELERATION  (g) DISPLACEMENT  (INCH) 


139 

172 

206 


0.022 

0.019 

0.017 


-BMB2H  YLBRATiON.3-$IQMA..yA10E5* 

DN  (g)  DISPLACEMENT  (IN 


ACCELERATION 


112 

109 

106 


0.018 

0.012 

0.009 


‘Values  based  on  an  assumed  transmlsslbll Ity  of  Q»6 
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FIGURE  3s  SHOCK  ISOLATOR  DESIGN 


5.0  SHOCK  ISOLATOR  ANALYSIS 

The  O-Rings  support  a  total  mass  of 
m  »  0.577  lbs.  With  a  design  goal  of  F0 
■  300Hz  for  the  shock  isolator  funda¬ 
mental  natural  frequency,  the  required 
spring  stiffness,  K,  may  be  found  from 
the  expression 

(3)  F0  -  (1/2 n).  (Kg/m)*. 

Using  the  above  values  of  F0  and  m  in 
equation  (3)  yields 

(4)  K  -  5.310  lbs. /inch, 

the  spring  constant  required  for  motion 
in  both  the  Z  and  X  directions. 

The  silicone  O-Ring  material  is 
typical  of  many  rubber-like  materials 
and  has  non-linear  stress-strain  charac¬ 
teristics,  with  the  static  modulus  of 
elasticity  increasing  with  strain  and 
also  dependent  on  the  shape  factor  (geo¬ 
metric  configuration)  of  the  material 
being  strained.  This  results  in  the 
static  spring  stiffness,  K,  increasing 
with  strain.  The  O-Rings  are  preloaded 
by  compressing  them  to  a  designed  frac¬ 
tion  of  their  unloaded  thickness,  in 
order  to  accommodate  the  displacements 
shown  in  Table  3.  The  spring  stiffness 
calculated  for  this  preloaded  condition 
is  used  as  the  mean  value  of  K  and  is 
designed  to  be  equal  to  the  value  of 
5,310  lbs/inch  obtained  in  equation  (4). 

5 . 1  z  Direction  Analvr.is 

In  the  Z  direction  the  two  O-Rings 
act  as  parallel  springs  between  the 
movable  mass,  m,  and  the  fixed  center 
support  (see  Figure  3).  The  static 


spring  constant  for  a  single  O-Ring 
along  an  axis  normal  to  the  plane  of  the 
O-Ring  is  given  by  (2) 

(5)  K  -  3.95  E  D  (6/d)*  lbs/inch 

where  E  ■  Young's  modulus 

D  *  mean  diameter  of  O-Ring 
d  »  thickness  of  O-Ring 
6  -  preload  compression  of 
O-Ring 

This  formula  provides  results  in  close 
agreement  with  experiment  up  to  values 
of  (6  /d)  -  0.15,  and  yields  lower  K 

values  than  experiment  for  (6/d)  >0.15. 
The  underestimate  of  K  at  (6/d)  »  0.24 
is  apparent  from  the  sine  sweep  and 
random  vibration  tests. 

The  O-Rings  chosen  for  the  Z  direc¬ 
tion  springs  have  values  of  D  -  1.97 
inch  and  d  ■  0.103  inch,  and  the  shock 
isolator  is  designed  to  preload  and 
compress  them  by  6  *  0.025  inch.  Since 
the  two  O-Rings  are  in  parallel,  each 
one  must  produce  half  the  stiffness 
specified  by  equation  (4),  or  2655 
lbs/inch.  Substituting  these  values 
into  equation  (5)  and  solving  for  the 
Young's  modulus  yields  a  value  of  E  • 
693  psi.  The  O-Ring  material  is  char¬ 
acterised  by  its  hardness  as  measured  on 
the  Shore  Durometer  A  Scale,  which  is 
related  to  Young's  Modulus,  E.  (3>4)  a 
value  of  E  ■  693  psi  corresponds  to  a 
durometer  of  62*2.  As  stated  above, 
however,  the  actual  K  value  will  be 
greater  than  calculated  for  the  (6/d)  • 
0.24  design  value,  and  the  62  durometer 
value  is  an  overestimate.  Also,  the 
correlation  between  hardness  and  Young's 
modulus  is  only  reliable  under  static 
conditions.  in  rubber-like  materials 
such  as  silicone  the  dynamic  modulus  of 


33 


elasticity  is  complex  and  is  a  function 
of  frequency  and  displacement  amplitude 
from  the  equilibrium  position,  as  well 
as  other  factors. (5,6)  Fundamental 
natural  frequencies  calculated  from 
static  measurements  of  E  may  be  in  error 
by  a  factor  of  2  or  more,  either  too 
large  or  too  small,  compared  to  dynamic 
measured  values  of  F0.  Since  the 
dynamic  complex  values  of  E  versus 
frequency  are  not  known  for  most  mate¬ 
rials  used  in  commercially  available 
O-Rings,  the  best  that  can  be  done  is  to 
use  the  static  value  of  E  as  a  starting 
point  and  modify  the  choice  of  durometer 
based  on  the  experimental  results. 

From  equation  (5)  it  is—eeen  that 
the  spring  constant  is  nonlinear  and 
proportional  to  the  square  root  of  the 
compression,  6  .  However,  when  two  O- 
Rings  are  used  ir.  parallel  as  shown  in 
Figure  3,  and  the  supported  mass  is 
dynamically  displaced  a  distance  y  from 
the  equilibrium  position  where  both  0- 
Rings  have  the  same  value  of  6  due  to 
the  designed  preload,  then  one  O-Ring 
has  a  larger  value  of  6'  •  6  +  y  and  the 
other  O-Ring  has  a  corresponding  smaller 
value  of  6'  ■  6  -  y  .  The  addition  of 
the  resulting  spring  constants  in  paral¬ 
lel  yields 

(6)  K  -  K(6+y)  +  KfS-y) 

-  (3.95ED/d*).  [(6+yP  +  (6-yP] 

-  S^SEDJo/d)1^  [1-1/8  (y/<5)2] 

where y  ■  dynamic  displacement  from  equi¬ 
librium  position. 

From  equations  (5)  and  (6)  it  may 
be  shown  that  a  dynamic  displacement  by 
y  inches  from  a  preload  position  results 
in  much  less  non-linearity  for  the  two 
O- Rings  in  parallel,  compared  to  a 
single  O-Ring; 

(7)  (K'-K)/K  -  1/2  (y/5)  -  1/8  (y/6)2 

for  one  O-Ring, 

■  -1/8  (y/<5)2  for  two 

0-Rings  in  parallel, 

where  K'  *  spring  constant  when  the  sup¬ 
ported  mass  is  dynamically  displaced  a 
distance  y  from  the  preload  compression 
6,  K  ■  spring  constant  at  preload 
compression  6. 

For  (y/5)  ■  0.5,  a  typical  dynamic  oper¬ 
ating  value,  equation  (7)  will  yield  a 
va  »  of  (K'-K)/K  -  +0.219  for  one  0- 
Ri  versus  -0.031  for  two  O-Rings  in 
pai  .lei,  or  a  22%  increase  in  K  versus 
a  decrease  in  K.  The  two  O-Ring 

design  will  introduce  less  non-linearity 
than  would  a  single  O-Ring. 

5.2  X  Direction  Analysis 

In  the  X  direction  one  O-Ring  acts 


as  a  spring  between  the  movable  mass,  m, 
and  the  fixed  center  support  (see  Figure 
3).  The  static  spring  constant  for  an 
O-Ring  along  an  axis  lying  in  the  plane 
of  the  O-Ring  is  given  by  (7) 

(8)  K  -  B  LG, 

where 

O)  s  -  -  ,  8Qn(A2+B2? 

p  [25 (A2+B2)ln(A/B)  -9(A2-B2)] 

where  G  »  shear  modulus 

L  s  thickness  of  compressed  O-Ring 
in  the  direction  normal  to  the 
plane  of  the  O-Ring, 

A  »  outside  diameter  of  compressed 
O-Ring  in  the  O-Ring  plane, 

B  »  inside  diameter  of  compressed 
O-Ring  in  the  O-Ring  plane. 

The  single  O-Ring  chosen  for  the  X  direc¬ 
tion  spring  has  a  mean  diameter  of  1.652 
inch  and  a  thickness  of  0.103  inch.  It 
is  placed  in  the  center  support  groove 
and  compressed  by  insertion  of  the  mount¬ 
ing  plate  to  conform  to  values  of  A  • 
1.709  inch  and  B  •  1.552  inch.  This  com¬ 
pression  results  in  a  value  of  L  *  0.106 
inch,  based  on  a  constant  volume  O-Ring 
cross  section.  Using  these  values  in 
(8)  and  (9)  results  in  8  •  163  and 

(10)  K  ■  17. 3G  lbs/inch 

Using  in  equation  (10)  the  value  of  K  ■ 
5,310  lbs/inch  from  equation  (4),  the 
shear  modulus  is  found  to  be 

(11)  G  -  (307  psi) 

for  the  single  O-Ring,  corresponding  (3) 
to  a  durometer  of  74±2. 

As  noted  previously,  values  of  Fg 
calculated  from  static  measurements  of  G 
may  be  in  error  by  a  factor  of  2  or  more 
in  either  direction,  and  the  durometer 
value  found  above  for  the  X-axis  O-Ring 
should  be  used  only  as  a  starting  point 
to  be  modified  based  on  experimental 
results. 


6.0  SINE  SWEEP  AND  RANDOM  VIBRATION 

TESTS 

6.1  Test  Description 

Sine  Sweep  and  random  vibration 
tests  were  performed  at  National  Tech¬ 
nical  Systems  in  Acton,  MA.  Both  types 
of  tests  utilized  a  Ling  Model  A-300 
shaker  table  with  PCB  Model  302A  and 
303A03  single  axis  accelerometer  and  a 
Hitachi  Model  u-134  oscilloscope  to  moni¬ 
tor  wave  forms.  The  accelerometers  have 
an  accuracy  of  ±5%  over  the  frequency 
range  of  20Hz  to  2,000Hz.  In  the  sine 
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sweep  tests  an  Unholtz  Dickie  Model 
OSP-4  oscillator  was  used  to  control  the 
input  frequency,  and  a  log  converter  was 
used  with  an  MFE  Model  715  x-y  plotter 
to  plot  output  acceleration  versus  fre¬ 
quency.  For  the  random  vibration  tests 
a  GenRad  Model  2503  vibration  analyzer 
was  used  in  conjunction  with  a  Honeywell 
Model  5600E  tape  deck.  Each  test  was 
made  with  an  accelerometer  on  the  shock 
isolator  base  plate,  used  as  a  control 
to  measure  input  acceleration,  and  an 
acce 1  erometer  on  the  top  of  the  dummy 
accelerometer,  to  measure  acceleration 
after  the  shock  isolator.  The  two  accel¬ 
erometers  were  oriented  to  measure  accel¬ 
eration  in  the  same  direction,  i.e., 
along  the  X  axis  or  along  the  Z  axis. 

Several  tests  were  made  for  each 
axis  orientation  for  all  sine  sweep 
levels  (lg,  5g,  and  lOg)  and  for  random 
vibration  tests.  The  random  vibration 
tests  were  also  run  at  AVCO  Systems 
Division  in  Wilmington, MA  over  tempera¬ 
ture  ranges  of  -20°C  to  +25°C  in  the  X 
axis  and  -30°C  to  +50°C  in  the  Z  axis. 
The  difference  in  temperature  ranges  was 
due  to  available  test  time. 


6.2  Test  Results 

Tables  4  through  6  present  the 
results  of  the  sine  sweep  and  random 
vibration  tests.  In  these  three  tables 
the  durometer  value  is  for  the  O-Ring(s) 
acting  as  a  spring  along  the  axis  indi¬ 
cated  in  the  table  title.  Test  type  SS 
is  a  sine  sweep  and  test  type  RV  is  a 
random  vibration  test.  The  fundamental 
natural  frequency,  F,  and  transraissibll- 
ity,  Q,  are  found  directly  from  the 
resonance  peaks  (see  Figures  4  and  5), 
using  the  measured  input  acceleration, 
G,  for  the  sine  sweep  tests  and  the 
measured  input  power  spectral  density  at 
F  for  the  random  vibration  tests.  For 
the  sino  sweep  tests,  the  dynamic  dis¬ 
placement,  Y,  is  calculated  from  the 
measured  values  of  G,  Q  and  F  using  the 
relation 

(12)  Y  ■  9.8  G  Q/F2 

For  the  random  vibration  tests,  the  3- 
sigma  peak  output  acceleration,  Gp*,  is 
calculated  from  the  measured  values  of 
F,  Q  and  power  Bpectral  density  using 
equation  (1).  The  dynamic  displacement, 
Y,  is  then  found  by  substituting  Gp^  for 
G  Q  in  equation  (12),  yielding  a  3-sigma 
peak  dynamic  displacement. 


TABLE  4 

SINE  SWEEP  AND  RANDOM  VIBRATION  TEST  RESULTS 
Z  AXIS  40  DUROMETER 


TEST 

TYPE 

FUNDAMENTAL 

NATURAL 

FREQUENCY, 

F  (Hz) 

TRANSMISS1BILITY 

AT 

RESONANCE 

Q 

INPUT 

ACCELERATION 

AT  RESONANCE, 

GIN  (s) 

OUTPUT 

ACCELERATION 

AT  RESONANCE, 

G0UT 

DYNAMIC 
DISPLACEMENT 
Y  (INCH) 

DYNAMIC 

STRAIN 

e 

SS 

283 

6.2 

1 

6.2 

0.001 

0.01 

SS 

260 

5.3 

5 

26.5 

0.004 

0.05 

SS 

246 

5.6 

10 

56.0 

0.009 

0.12 

RV* 

248+2 

6 . Ii0.3 

- 

114±2 

0.018+0 

0.23+0 

Static  Calculation:  F  »  16SHz 


*The  random  vibration  Input  level  Is  Grms  =  16. 7 g ,  and  the  output 
acceleration,  dynamic  displacement  and  dynamic  strain  are  three- 
sigma  peak  values.  These  three-sigma  peak  values  are  Increased 
by  18±1  percent  If  the  relationship  Gp^=3  Grms  (out)  Is  used  In 
place  of  equation  (1).  These  data  are  an  average  of  three  tests. 
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TABLE  5 

SINE  SWEEP  AND  RANDOM  VIBRATION  TEST  RESULTS 
X  AXIS  60  DUROMBTER 


■ 

FUNDAMENTAL 
NATURAL 
FREQUENCY, 
F  (Hz) 

TRANSMISSIBILITY 

AT 

RESONANCE 

Q 

INPUT 

ACCELERATION 
AT  RESONANCE, 
Gin  (g) 

OUTPUT 

ACCELERATION 

AT  RESONANCE, 

G0IJT  ^ 

DYNAMIC 

DISPLACEMEN 

Y  (INCH) 

DYNAMIC 

STRAIN 

e 

ss 

254 

6.8 

1 

6.8 

0.001 

0.01 

ss 

230 

6.8 

5 

34.0 

0.006 

0.08 

ss 

223 

7.7 

10 

77.0 

0.015 

0.19 

RV* 

184±1 

6.210.7 

” 

1 13±6 

0.033± 

0.001** 

0.42 

±0.01 

Static  Calculation:  F  ■  210flz 


♦The  random  vibration  Input  level  Is  Grms  ■  16. 7g,  and  the  output 
acceleration,  dynamic  displacement  and  dynamic  strain  are  three- 
sigma  peak  values.  These  three-sigma  peak  values  are  Increased 
by  9±1  percent  If  the  relationship  Gpk“3  Grms  (out)  Is  used  In 
place  of  equation  (1).  These  data  are  an  average  of  three  tests 

**Th1s  deflection  exceeds  thei  design  clearance  of  0.030  Inch. 


TABLE  6 

SINE  SWEEP  AND  RANDOM  VIBRATION  TEST  RESULTS 
X  AXIS  70  DUROMETER 


1 

FUNDAMENTAL 

NATURAL 

FREQUENCY, 

F  (Hz) 

TRANSMISSIBILITY 
AT  . 

RESONANCE 

Q 

INPUT 

ACCELERATION 

AT  RESONANCE, 

GIN 

OUTPUT 

ACCELERATION 

AT  RESONANCE, 

Gout  (9) 

DYNAMIC 
DISPLACEMENT 
Y  (INCH) 

DYNAMIC 

STRAIN 

e 

SS 

387 

5.7 

1 

5.7 

0.0004 

0.005 

SS 

343 

5.3 

5 

26.5 

0.002 

0.03 

SS 

322 

6.2 

10 

62.0 

0.006 

0.08 

RV* 

230±4 

5. 7+0. 2 

11212 

0.021 

±0.001 

0.27 

±0.01 

Static  Calculation:  F  =  268Hz 


♦The  random  vibration  Input  level  Is  Grms  =  16. 7g,  and  the  output 
acceleration,  dynamic  displacement  and  dynamic  strain  are  three- 
sigma  peak  values.  These  three-sigma  peak  values  are  Increased 
by  1Q±0  percent  If  the  relationship  Gpk“3  Grms  (out)  Is  used  In 
place  of  equation  (1).  These  data  are  an  average  of  three  tests 
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FIGURE  5: 


4:  TYPICAL  ISOLATOR  ACCELERATION  OUTPUT,  SINE  SWEEP  TEST 


TYPICAL  ISOLATOR  ACCELERATION  OUTPUT,  RANDOM  VIBRATION  TEST 


The  dynamic  strain  is  obtained  from 
(13)  e  -  VO. 078 

where  the  preloaded  O-Ring  thickness  of 
0.078  inch  equals  the  undeformed  O-Ring 
thickness  of  d  *  0.103  inch  minus  the 
design  preload  compression  of  6  ■  0.025 
inch.  No  change  in  F  was  measured  over 
the  temperature  ranges  of  -20'C  to  +25 'C 
in  the  X  axis  and  -25'C  to  +50'C  in  the 
Z  axis. 

The  static  calculation  of  frequency 
at  the  bottom  of  each  table  was  done 
using  equations  (3)  and  (4),  with  equa¬ 
tion  (5)  for  Table  4  and  equation  (10) 
for  Tables  5  and  6.  In  equation  (5), the 
value  of  E  «  213  psi  was  used  for  the  40 
durometer  material,  and  in  equation  (10) 
the  values  of  G  *  150  psi  and  G  -  245 
psi  were  used  for  the  60  durometer  and 
70  durometer  materials,  respectively. (3 ) 

6*3  Discussion  of  Test  Results 

The  design  resonance  peaks  are 
clearly  seen  in  Figures  4  and  5,  which 
are  typical  of  the  sine  sweep  and  random 
vibration  test  data.  The  small  second¬ 
ary  peak  seen  in  Figure  5  at  about  700Hz 
is  present  in  all  of  the  random  vibra¬ 
tion  test  data  and  is  completely  absent 
in  all  of  the  sine  sweep  test  data. 
This  700Hz  peak  is  most  likely  due  to 
non-linear  effects  which  occur  in  the 
random  vibration  tests  and  are  absent  in 
the  sine  sweep  test. 

The  disparity  between  the  static 
calculations  of  F  and  the  measured 
dynamic  values  of  F  in  Tables  4  through 
6  is  not  surprising  in  view  of  the  com¬ 
ments  in  Section  5.1.  Also,  the  very 
low  static  value  of  F  in  the  Z  direction 
(Table  4)  may  be  due  in  part  to  the  inac¬ 
curacy  of  equation  (5)  and  its  tendency 
to  underestimate  stiffness  at  large 
values  of  6/d. 


The  monotonic  decrease  of  frequency 
with  increasing  dynamic  strain  in  all 
three  tables  is  attributed  to  the 
decrease  in  dynamic  modulus  with  increas¬ 
ing  dynamic  strain  observed  in  rubbers 
and  other  polymerB.(®)  See  equations 
(3),  (5)  and  (10).  The  increasing 

dynamic  strain  is  due  to  the  increasing 
acceleration,  as  seen  from  equations 
(12)  and  (13).  The  absence  of  any  meas¬ 
urable  change  in  F,  over  the  temperature 
ranges  of  -20°C  to  +25°C  in  the  X  axis 
and  -30°C  to  +50°C  in  the  Z  axis  indi¬ 
cates  the  temperature  range  over  which 
the  shock  isolator  may  be  used  without 
performance  degradation. 

From  Table  4,  it  may  be  concluded 
that  a  slightly  higher  durometer,  45, 


would  bring  the  Z  axis  frequency  closer 
to  the  300Hz  goal;  but  the  dynamic  dis¬ 
placements  are  well  within  the  design 
allowable  maximum  of  0.030  inch.  Compar¬ 
ing  Tables  5  and  6,  the  60  durometer 
material  results  in  an  excessive  dynamic 
displacement  in  random  vibration,  where¬ 
as  the  70  durometer  material  is  accept¬ 
able.  A  choice  of  65  durometer  for  the 
X  axis  O-ring  would  come  closer  to  the 
300Hz  goal.  The  small  standard  errors 
of  the  data  from  the  repeated  random 
vibration  tests  in  all  three  tables  adds 
to  the  confidence  in  the  test  data. 

During  the  second  and  third  random 
vibration  tests  in  the  Z  axis  (Table  4) 
and  the  second  and  third  random  vibra¬ 
tion  tests  in  the  X  axis  with  the  70 
durometer  O-Rings  (Table  6)  an  electri¬ 
cal  circuit  was  used  to  detect  any  tran¬ 
sient  short  circuits  which  might  occur 
between  the  center  support  and  either 
the  top  support  or  the  accelerometer  and 
trim  PWB  assembly.  See  Figure  3.  No 
short  circuits  occurred,  indicating  that 
the  O-Rings  were  not  compressed  suffi¬ 
ciently  to  allow  metal-to-metal  contact. 

The  ability  of  the  shock  isolator 
to  maintain  the  accelerometer  angular 
alignment  with  respect  to  the  mounting 
plane  was  tested  by  measuring  the  dis¬ 
tance  from  the  bottom  of  the  outside 
support  to  the  top  of  the  top  support 
(see  Figure  3)  at  three  reference  points 
120*  apart  on  the  two  inch  diameter 
perimeter  of  the  top  support.  These 
measurements  were  made  before  and  after 
random  vibration  testing  by  removing  the 
base  plate,  placing  the  outside  support 
on  a  surface  plate,  and  using  a  drop 
gauge  with  a  dial  indicator  accurate  to 
0.0001  inch  to  measure  the  height  from 
the  surface  plate  to  the  three  reference 
points.  These  measurements  indicated  a 
change  in  angular  alignment  with  the 
surface  plate  of  approximately  0.02*,  an 
order  of  magnitude  less  than  the  allow¬ 
able  angular  alignment  change  of  0.25*. 

In  summary,  the  sine  sweep  and  ran¬ 
dom  vibration  tests  demonstrate  that  the 
shock  isolator  will  provide  a  resonance 
frequency  in  the  design  range  of  250Hz 
to  350Hz  with  substantial  acceleration 
attenuation  at  higher  frequencies.  When 
subjected  to  the  specified  random  vibra¬ 
tion  environment  the  dynamic  displace¬ 
ment  of  the  movable  parts  are  well 
within  the  acceptable  design  range,  the 
change  in  the  angular  alignment  is  con¬ 
siderably  less  than  allowed  by  specifica¬ 
tion,  and  the  three-sigma  peak  output 
acceleration  at  the  resonance  frequency 
is  much  less  than  the  accelerations  to 
which  the  accelerometer  is  subjected  by 
the  manufacturer's  test  procedure.  Com¬ 
paring  the  three-sigma  acceleration  of 
112  to  114g  (Tables  4  through  6)  to  the 
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manufacturer's  acceleration  response 
test  spectrum  (Figure  2)  at  the  reso¬ 
nance  frequencies  of  184  to  284Hx,  it 
may  be  seen  that  the  manufacturer's  test 
spectrum  is  far  above  the  three-sigma 
peak  output  acceleration  from  the  speci¬ 
fied  random  vibration  environment. 


7.0  PYROTECHNIC  SHOCK  TESTS 
7.1  Test  Description 

The  shock  isolator  with  a  dummy 
accelerometer,  as  described  in  Section 
6.1,  was  instrumented  with  three,  single 
axis  accelerometers  stacked  on  top  of 
one  another  and  attached  to  the  top  of 
the  dummy  accelerometer.  See  Figure  3. 
40  durometer  material  was  used  for  the  Z 
axis  O-Rings  and  70  durometer  material 
for  the  X  axis  O-Ring.  The  base  plate 
was  mounted  to  an  ACS  flight  structure. 
The  shock  was  produced  by  separation 
ordinance  to  simulate  actual  flight  con¬ 
ditions.  Figure  6  shows  the  accelerom¬ 
eter  shock  isolator  and  the  beam  to 
which  it  was  bolted,  with  the  X,  Y  ard  Z 
axis  indicated.  The  only  sensor  instru¬ 
menting  the  beam  was  a  single  axis  accel¬ 
erometer  mounted  on  whe  back  of  the  beam 
and  oriented  to  measure  the  X-axis 
response.  All  of  the  accelerometer 
signals  were  amplified,  recorded,  and 
processed  through  a  shock  spectrum 
analyzer.  Both  real  time  acceleration 
histories  and  shock  response  accelera¬ 
tion  versus  frequency  data  were 
obtained. 
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FIGURE  6:  ACCELEROMETER  SHOCK 
ISOLATOR/BEAM  CONFIGURATION  WITH 
COORDINATE  AXES 


Data  were  obtained  for  three  sepa¬ 
rate  shock  tests  of  increasing  severity. 
The  third  test,  which  resulted  in  the 
largest  accelerations,  was  judged  to 
closely  simulate  the  flight  situation 
and  it  is  this  data  which  is  reported  in 
the  following  sections. 


7.2  Test  Results 

Figures  7,  8  and  9  show  the  shock 
response  spectra  '  measured  at  the  dummy 
accelerometer  along  the  three  axes. 
These  axes  are  oriented  the  same  as  in 
Section  6:  the  Z  axis  is  normal  to  the 
base  plate;  the  X  and  Y  axes  are  paral¬ 
lel  to  the  base  plate,  (see  Figure  6). 
The  X  and  Z  axes  are  transverse  to  the 
beam,  and  the  Y  axis  is  in  the  beam 
longitudinal  direction.  Figure  10  shows 
the  X  axis  shock  response  spectrum  of 
the  beam  to  which  the  accelerometer 
shock  isolator  base  plate  was  bolted. 
This  spectrum  (Figure  10)  is  the  input 
to  the  accelerometer  shock  isolator  in 
the  X  axis.  The  double  trace  seen  in 
the  shock  response  spectra  of  Figures  7 
through  10  is  the  positive  and  negative 
acceleration  response  due  to  the  asym¬ 
metry  of  the  time  history  data  in  the  +G 
and  -G  directions.  The  shock  responses 
of  the  beam  in  the  Y  and  z  axes  were  not 
measured,  and  no  data  is  available  for 
the  input  to  the  accelerometer  shock 
isolator  in  the  Y  and  z  axes.  Figures 
11  and  12  show  the  type  of  time  history 
data  from  which  Figures  7  through  10 
were  generated. 

Table  7  presents  the  pyrotechnic 
shock  test  results  in  terms  of  the  peak 
frequencies  and  accelerations  recorded 
in  Figures  7  through  10.  The  peak  fre¬ 
quencies  and  measured  accelerations  were 
taken  directly  from  the  figures,  and 
were  then  used  in  equation  (2)  to  esti¬ 
mate  the  deflection  or  compression  of 
the  O-Rings  in  the  shock  isolator,  next 
to  the  last  column  of  Table  7.  Also 
shown  in  Table  7  for  comparison  purposes 
are  the  values  of  the  originally  speci¬ 
fied  accelerations  from  Table  1  and  the 
manufacturer's  screening  test  values  of 
the  accelerations  from  Figure  2  at  the 
measured  peak  frequency.  The  last 
column  in  Table  7  presents  the  absolute 
values  of  the  peak  accelerations  taken 
from  the  time  history  data.  See  Figures 
11  and  12  for  examples. 
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FIGURE  8:  SHOCK  RESPONSE  SPECTRUM  AFTER  ISOLATOR,  Y  AXIS 


FIGURE  10 I  SHOCK  RESPONSE  SPECTRUM,  ACCELEROMETER  SUPPORT  BEAM,  X  AXIS 
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FIGURE  11:  TIME  HISTORY  SHOCK  RESPONSE,  ASA  SUPPORT  BEAM,  X  AXIS 
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FIGURE  12:  TIME  HISTORY  SHOCK  RESPONSE,  AFTER  ISOLATOR,  X  AXIS 
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TAB LB  7 

PYROTECHNIC  SHOCK  TEST  RESULTS 


PEAK 

PEAK  ACCELERATION  VALUES 

inn 

HRS 

LOCATION 

AXIS 

FREQUENCY  (Hz) 

PEAK  G  (g) 

Beam 

n 

280 

213 

159 

286 

0.027 

495 

Beam 

750 

650 

500 

263 

0.011 

495 

Duemy 

Accalaromatar 

fl 

284 

287 

162 

286 

0.035(4) 

52 

Duemy 

Accalaromatar 

B 

300 

120 

172 

285 

0.013 

36 

Dummy 

Accalaromatar 

z 

284 

133 

162 

286 

0.016 

93 

Dummy 

Accalaromatar 

z 

700 

327 

461 

265 

0.007 

93 

NOTES:  1.  Meaured  values  of  &  are  taken  directly  from  Figures  7-2  thru  7-5. 
Specified  values  are  calculated  fro*  the  originally 
specified  pyrotechnic  shock  response  spectrum  of  Table  2-1, 
for  the  peak  frequency.  Screened  values  are  those  used  by  the 
manufacturer  for  screening  tests  and  are  obtained  from 
Figure  3-1  for  the  peak  frequency. 

2.  The  estimated  deflection  Is  calculated  from  equation  (2) 
using  the  values  of  peak  frequency  and  measured  6. 


3.  This  Is  the  absolute  value  of  the  maximum  positive  or 
negative  acceleration  recorded  on  the  time  history  plots. 

4.  This  deflection  exceeds  the  design  clearance  of  0.030  Inch. 


The  maintenance  of  accelerometer 
angular  alignment  was  tested  by  making 
measurements  before  and  aftec  pyrotech¬ 
nic  shock  tests,  as  described  in  Section 
5.3.  The  results  indicated  a  change  in 
angular  alignment  an  order  of  magnitude 
less  than  the  allowable  value  of  0.25*. 

7.3  Discussion  of  Test  Results 

Examination  of  Table  7  shows  a  327g 
acceleration  peak  at  700Hs  measured  at 
the  dummy  accelerometer  along  the  8 
axis.  This  peak  exceeds  the  manufac¬ 
turer's  screening  test  acceleration  of 
255g  at  700Hx.  Although  the  input  shock 
from  the  beam  was  not  measured  in  the  X 
direction,  there  was  a  650g  peak  at 
750Hx  measured  in  the  beam  in  the  X 
direction,  compared  to  a  specified  level 
of  500g  at  750Hz.  This  750Hx  peak  may 
have  been  present  in  the  beam  in  the  8 
direction  also  and  may  account  for  the 
700Hs  peak  seen  at  the  dummy  accelerom¬ 
eter  in  the  8  direction.  All  other 
acceleration  response  data  at  the  dummy 
accelerometer  fall  on  or  below  the  manu¬ 
facturer's  screening  test  values. 


At  the  frequency  peaks  seen  in 
Figures  7  through  9  (284Bx-300Bs)  the 

shock  response  acceleration,  Gq,  at  the 
dummy  accelerometer  should  be  the  same 
as  the  shock  response  acceleration  at 
the  shock  isolator  base  plate.  The 
shock  response  acceleration  in  the  beam, 
Gr,  to  which  the  shock  isolator  base 
plate  is  bolted  should  be  greater  than 
Gq  at  these  frequencies,  since  there 
will  be  some  attenuation  of  the  shock  in 
transversing  the  bolted  joint  between 
the  shock  isolator  base  plate  and  beam. 
Examination  of  the  Gn  values  (measured 
peak  acceleration  values)  in  Table  7 
shows  that  Gq,  and  consequently  Gg,  are 
significantly  larger  than  the  specified 
acceleration  in  the  X  axis.  In  the  Y 
and  8  axes  Go  is  less  than  the  specified 
acceleration.  Also,  there  is  an  anomaly 
in  the  X  axis  measured  values  of  acceler¬ 
ation  which  shows  the  response  at  2B4Hs 
in  the  dummy  accelerometer,  Gq  ■  287g, 
to  be  greater  than  in  the  beam,  Gg  * 
213g.  This  may  be  explained  by  the 
estimated  deflection  of  0.035  inch  in 
the  dummy  accelerometer,  a  deflection 
which  exceeds  the  design  clearance  of 
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0.030  inch.  If  aetal-to-meta.l  contact 
occur rad,  it  could  raault  in  the  higher 
acceleration  saan  in  tha  dummy  accelerom- 
atar.  It  should  ba  notad,  however,  that 
tha  dumy  accelerometer  's  measured  x 
axis  accalaration  of  287g  at  284Hs  is 
assantially  aqual  to  the  manufacturer 'a 
screening  test  acceleratioi  t  284Hs. 

In  summary,  tha  only  occurrence  of 
exceeding  tha  manufacturer's  screening 
accelerations  was  where  the  input  accel¬ 
eration  was  greater  than  the  design 
specification.  Based  on  manufacturer's 
information  (Section  3.0)  the  measured 
acceleration  of  327g  at  700Hs  should  ba 
acceptable. 

8.0  FLIGHT  UNIT  TESTS 

The  first  four  flight  units  pro¬ 
duced  for  spacecraft  use  were  subjected 
to  sine  sweep  (SS)  and  random  vibration 
(RV)  tests  as  part  of  a  screening  proce¬ 
dure  prior  to  shipment.  Each  unit  was 
subjected  to  a  lg  SS  and  a  RV  test  (Grms 
-  16. 7g)  in  each  of  the  X,  Y  and  z  axes. 
Four  paramters  were  chosen  for  comparing 
test  results  among  flight  units.  These 
parameters  aret 

e  The  measured  resonance  fre¬ 

quency,  Fo; 

e  The  transmissibility  at  reso¬ 

nance,  Q ( Fo ) ; 

e  The  frequency,  F(Q-l),  at 

which  the  value  of  Q  equals 
unity;  and 

e  The  transmissibility  at  F  - 

1,000  Hx,  Q(F-1,000). 

These  parameters  were  used  for  compari¬ 
son  purposes  on  both  the  SS  data  and  the 
RV  data.  Table  8  presents  the  coeffi¬ 
cient  of  variation  (CV)  of  the  test 
results  from  the  four  units  for  each  of 
the  four  parameters  for  both  the  SS  and 
RV  tests.  The  data  was  generated  by 
normalizing  each  of  the  four  test  values 
for  a  given  axis  to  the  average  value 
for  that  axis,  and  then  using  the  twelve 
normalized  values  from  all  three  axes  to 
obtain  the  CV.  These  units  were  all 
tested  at  AVCO  Systems  Division  in 
Wilmington,  Massachusetts,  and  show 
remarkably  little  variability  in  test 
results. 

Table  9  shows  the  variability 
between  the  three  axes  based  on  the  aver¬ 
age  vlues  for  all  four  units  in  each 
axis  separately.  There  is  little  varia¬ 
tion  of  Fo  or  F(Q»1)  between  axes)  and 
only  the  SS  tests  show  a  modest  variabil¬ 
ity  between  axes  for  the  parameters 
Q(  Fo)  and  Q(F-1,000).  These  are  small 
variations  considering  the  difference  in 


spring  design  between  the  %  axis  and  the 
X/Y  axes. 

Table  10  summarizes  the  average 
values  of  the  four  parameters  for  the 
four  flight  units.  The  Fo  and  F(Q«1) 
values  for  the  SS  tests  may  be  expected 
to  decrease  as  the  input  acceleration  is 
increased  beyond  lg,  as  is  seen  in 
Tables  4  through  6.  The  peak  accelera¬ 
tions  due  to  RV  will  be  must  less  than 
250g»  and  the  SS  data  indicates  adequate 
attenuation  of  the  observed  shock 
response  spectrum  for  the  highar 
frequencies. 

TABLE  8 


VARIABILITY  BETWEEN  FOUR  FLIGHT  UNITS 


PARAMETER 

SINE  SWEEP 
TESTS 

RANDOM  VIBRATION 
TESTS 

Fo 

3.3Z 

4.4X 

F(Q-D 

5.7X 

4.5X 

Q(Fo) 

11.  IX 

3.3X 

Q(F-1,000) 

S.8X 

8.6X 

MOTS*  I  1.  Tha  aaabara  1b  tha  cabla  ata  tha 

coaffldart  of  vadatloa,  CV  •  100 
a  (ataodard  davlatloa)/(aaan) . 


2.  laa  taxt  fat  daf laltlon  of  paraa- 
atara  aod  aiplaaatlona  of  tha 
tabla. 


TABLE  9 

VARIABILITY  BETWEEN  THPSE  AXES 


PARAMETER 

SINE  SWEEP 
TESTS 

RANDOM  VIBRATION 
TESTS 

Fo 

4.5X 

3.9X 

F«W) 

5.51 

6.3X 

Q(Fo) 

15.2X 

4.9X 

Q(F-1,000) 

10. 7X 

3.3X 

NOTE:  See  note*  to  Table  8 


TABLE  10 

AVERAGE  PARAMETER  VALUES  FOR  FOUR  FLIGHT  UNITS 


PARAMETER 

SINE  SWEEP 
TESTS 

RANDOM  VIBRATION 
TESTS 

Fo,  Hz 

351 

270 

F(Q-l),  Ha 

558 

383 

Q(Fo) 

7.9 

5.1 

Q(F-1,000) 

0.28 

0.47 
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In  this  paper,  the  vibration  isolation  technique  of  mounting 
a  structure  on  a  surface  which  permit  sliding  is  studied. 

The  periodic  response  of  the  structure  with  many  degrees  of 
freedom  on  sliding  base  is  calculated  by  the  use  of  Fourier 
series  to  represent  the  frictional  force.  The  occurrence  of 
subharmonic  resonance  frequencies  is  explained,  and  the 
prevention  of  these  subharmonic  is  discussed  with  the  support 
of  a  model  test  together  with  an  analytical  calculation. 
Lastly,  a  stochastic  analysis  for  such  a  system  is  presented. 


INTRODUCTION 

Sliding  base  is  a  very  si  e  and 
economical  device  for  vibratiou  iso¬ 
lation  which  has  aroused  considerable 
interests  in  aseismatic  engineering  [1 
-4].  It  has  been  shown  that  the 
response  level  at  resonance  frequency 
of  a  structure  resting  on  a  sliding 
base  can  be  much  lower  compared  with 
that  on  a  non-sliding  fixed  base.  How¬ 
ever,  a  sliding  system  also  has  several 
subharmonic  resonant  frequencies  and 
the  peak  response  of  such  a  system  to 
harmonic  excitation  may  not  necessarily 
be  less  than  that  of  a  fixed  base 
system  [1].  This  can  be  a  problem  to 
the  engineering  applications  of  the 
sliding  base  system. 

In  this  paper,  the  periodic 
response  of  the  sliding  base  system 
with  single  and  many  degrees  of 
freedoms  are  analysed  by  developing  the 


Coulumb  frictional  force  into  a  Fourier 
oeries.  The  series  solution  of  the 
periodic  response  s'evow ??  clearly  that 
those  subharmonic  resonant  peaks  are 
induced  by  the  superharmonic  components 
of  the  frictional  force.  Hence,  if  the 
frictional  force  is  controlled  so  that 
the  sliding  Interface  is  locked  rigidly 
when  the  exciting  frequency  is  lower 
than  the  fundamental  frequency  of  the 
system,  anr<  tj-.e  interface  slides  at  the 
resonant  frequency,  then  all  the  sub- 
harmonicp  below  the  fundamental 
frequency  will  disappeared.  Since  the 
resonar.t  rcuv.jnse  is  much  higher  than 
those  non-.,  'sonant  responses ,  it  is  not 
difticu-t  to  realize  such  control  in 
the  frictional  force.  With  this  con¬ 
trol.  the  fundamental  frequency  of  a 
systcr?  with  sliding  base  will  not 
ctaangad  from  that  of  the  same  system 
With  fixed  base.  Therefore,  it  is 
applicable  for  the  isolation  of  those 
structures  having  low  fundamental 
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frequency  to  low  frequency  excitation, 
such  as  buildings  or  engineering 
structures  to  withstand  earthquake, 
wind  or  wave  loading. 


FOURIER  SERIES  SOLUTION  OF  A  SLIDING 
OSCILLATOR  TO  HARMONIC  EXCITATION 

Since  the  resonant  response  is  much 
higher  than  those  responses  at  non¬ 
resonance  frequencies,  only  the  slip- 
slip  periodic  motion  of  a  system  to 
harmonic  excitation  at  its  resonance 
frequency  is  considered.  The  analy¬ 
tical  model  of  the  system  is  shown  in 
Fig.  1. 


Fig.  1  -  Coordinate  systems 
for  the  sliding  oscillator 


The  motion  equations  of  the  system 
for  the  state  of  slip-slip  motion  are 
given  [  1]  : 

x  +  2u^  C'x  +  a/1  x  -  sgn  (z  -  y)  (1) 
y(t )  -  yg-agn  (z  -  y )  -  yx  (2) 


where  uQ  -  Ak/m,),  C  -  a7fl57T  ’ 


1  mi  +  mj 

u^  -  (1  -  Y)-*  un  ,  and 

?'■(!-  y>“*  e 

In  Eqs.  (1)  and  (2),  yg*sgn  (z-y)  is 
the  frictional  force  which  can  be 
expressed  by  a  Fourier  series  as 


-  yg  sgn  ( z  -  y ) 


•  +  £  sin  nut 

n-1,3,5...  niT 


(3) 


The  advantages  of  using  Fourier  series 
to  represent  the  Coulumb  force  are  that 
(1)  the  occurrence  of  subharmonics  can 
be  explicitly  explained,  (2)  simple 
solutions  corresponding  to  each  sub- 
harmonics  can  be  derived,  and  (3)  most 
importantly  the  series  solution  of  a 
many-degrees-of-f reedom  system  can  be 
easily  obtained. 


Let  x  ■  Z  x 

D*1 1 3  f 5 • •  • 

(4) 

00 

y  -  i  yn 

n-1,3,5... 

(5) 

then  a  system  of  infinite  linear 
equations  can  be  obtained: 

*n  +  2un  5  **n  +  *n  *n  "  (l^fonii  8ln  nu)t 

.  (8) 

yu(t)  -  sin  nut  -  yxn  (7) 


in  which  n  -  1,3,5 .. .»  and  xn,  yD  are  the 
nth  harmonic  components  corresponding  to 
the  nth  harmonic  excitation  of  the 
frictional  force. 


Equation  (6)  is  the  motion  equation 
of  a  system  with  a  single-degrse-of- 
f reedom.  The  solution  is  given  as 


ii 


-  (nu)*]*  +  [2u'  ^(nu)]* 

Q  D 


sin(nut  +  $n) 


(8) 


2?'  w'(nu) 
n 


<p  -tan-1  — — ; - rj 

n  u„  -  (nu)* 


(9) 


The  peak  values  and  the  corresponding 
frequencies  are  given  respectively  by: 


£  2yg 

nir? 


(10) 


u  -  (/l  -  25' 2  u^)/n,  n-1,3,5...  »  (11) 


These  are  the  n  subharmouic  resonant 
peaks  which  are  induced  by  the  super¬ 
harmonic  components  of  the  frictional 
force . 
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FOURIER  SERIES  SOLUTION  OF  A  MANY- 
DEGREES-OF-FREEDOM  SYSTEM  WITH 
SLIDING  BASE  TO  HARMONIC  EXCITATION 


the  Fourier  series  expansion  for  the 
frictional  force  for  the  system  with 
many-degrees-of-freedom  is 


The  motion  equations  of  a  many- 
degrees-of-freedom  system  with  a 
frictional  sliding  base  are 

Mx+C*+K*--Miy  (12) 

mQy  +  Q(t )  -  -FQ  sgn(z-y)  (13) 

where  F0  is  the  magnitude  of  Coulumb 
force . 

The  simple  model  of  this  system  is 
shown  in  Fig.  2.  Equation  (12)  is  the 
'  motion  equation  of  the  clamped  upper- 
structure  excited  by  a  base  acceleration 
movement  y,  where  1  is  a  vector  in 
which  every  element  is  1.  Equation  (13) 
is  the  motion  equation  of  the  base, 
where  m0  is  its  mass  and  Q  is  the 
shearing  force  at  the  root  section  of 
the  clamped  upper-structure. 

Following  the  treatment  of  the 
system  with  single-degree-of-freedom. 


•  . 

-F  sgn  (  z  -  y  )  -  +  I 

n-1,3,5 


Let  y  -  £  y 

n-1 ,3,5... 


x  -  I  x 

n-1,3,5... 

00 

Q-  E  Qn 

n-1,3,5. . . 


z  -  £  z 

n-1,3,5...  n 


4F 

sin  nut 
nir 

. .  (14) 

(15) 

(16) 

(17) 

(18) 


then  a  system  of  infinite  linear 
equatious  can  be  obtained: 


M*n  +  Csn  +  K?n--Mlyn 


(19) 


Fig.  2  -  Simple  model  of  a  structure  with  sliding  base 

(a)  model  of  a  structure  with  sliding  base 

(b)  motion  of  the  system 

(c)  forces  on  the  base 
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4F 

Q_(t)  +  8in  ntot 

n  on  nir 

4F 

-  ~  Im(elno)t)  (20) 

The  solution  of  Eq.  (19)  gives  the 
displacement  response 

xn  “  -[-“nM+i^C+Kl'^lyn  (21) 

The  inverse  matrix  in  Eq.  (21)  is  the 
transfer  function  matrix  of  the  clamped 
super-structure.  It  can  be  calculated 
by  a  general  finite  element  program: 

H  “  t-oi*  M+  i.j  C  +  Kl"1 
-n  n  —  n —  — 


PREVENTION  OF  SUB HARMONICS 

The  occurrence  of  subharmonics  can 
be  explained  by  the  Fourier  series 
solution  of  the  slip-slip  periodic 
equations  (1),  (2)  and  (12),  (13).  If 
the  excitation  is  so  small  that  the 
base  shear  cannot  overcome  the 
frictional  force,  then  the  system  will 
be  locked  rigidly  at  its  own  base. 
Hence  there  is  no  sliding  movement  and 
y-z„  The  oscillator  system  in  Fig.  1 
will  be  reduced  to  a  simple  damping 
mass  spring  system.  Its  frequency 
response  is 


x(t) 


zQ  sin  (wt  +  <j>) 

/  ii-Ov^T)1 


(26) 


-  iT[; 


w2  +  2i£  w  0) 
Y  Y 


U 


(22) 


z  ■  Zq  slncot  is  the  movement  acceleration 
ox  ground  surface  with  the  peak 
value 


where  the  matrix  £  is  composed  of  the 
eigenvectors,  the  matrix 

t^-T2  +12UYuy.]  18  a  dia*onal 

spectrum  matrix,  index  "T"  means  tran¬ 
spose  and  con  »  ntu. 

In  Eq.  (20),  Qn(t)  is  the  nth 
harmonic  of  base  shearing  force  which 
can  be  determined  by  the  summation  of 
inertia  or  internal  forces: 


m 

Q_(t)  -  -  I  m.w2  x 
n  j-1  J  n  J 


-  1T  [  iu)C  +  K  ]  xn 
lT[ia)C +  K]HnMJ  yn 


Using  Eqs.  (22),  (23),  Eqs.  (19)  and 
(20)  become: 


4F 


V»t)  “ 


_ o 

nir 


Qn  +  mo 


Im(eino,t) 


(24) 


x(t)Lax  “  2? 


(27) 


which  occurs  at  the  frequency  u>*«u»n. 

It  must  be  pointed  out  that  if  the 
base  of  the  system  is  so  designed  that 
it  locks  when  exciting  frequency  is 
lower  than  the  fundamental  natural  wn, 
and  yet  it  slides  at  this  frequency, 
then  the  frequency  response  of  the 
oscillator  system  will  be  determined  by 
equation  (26),  and  all  the  subharmonics 
which  are  less  than  wn  will  disappear. 

During  resonance  «)-u>n,  the  peak 
responses  of  the  system  are  contin¬ 
uously  growing  linearly  in  time.  Once 
the  response  of  base  shearing  force 
overcomes  the  frictional  force,  then 
the  sliding  occurs.  After  some  tran¬ 
sient  cycles,  a  stable  periodic  states 
will  be  achieved:  the  envelope  of  the 
peak  responses  will  be  at  a  constant 
level  and  there  is  no  more  growth  in  the 
peak  response. 


xn  --InMlynct) 


(25) 


For  a  system  with  m  degrees-of- 
freedom,  there  are  m  natural 
frequencies,  and  the  frictional  force 
contains  up  to  nth  harmonic  compoments. 
Hence,  there  will  be  (m  x  n)  subhar¬ 
monics  in  the  system.  The  response  of 
a  5  D.O.F.  system  with  sliding  base  has 
been  calculated.  For  clarity,  however, 
only  the  peak  responses  corresponding 
to  the  first  and  the  second  modes  are 
plotted  in  Fig.  3. 


Since  sliding  occurs  at  (o-b>n,  the 
peak  value  of  the  response  of  the 
oscillator  is  not  determined  by  Eq.  (27), 
but  determined  by  Eq.  (8)  at  hi<>(on: 


=================== 

A(l-Y>-£]*  +  (^>* 

.  (28) 


Since  the  response  of  fundamental  mode 
is  dominant,  so  the  peak  response  can 
be  approximated  as 


SO 


(b) 


(») 


<10-‘)  Kg-c« 


log  to 


log  to 


Fig.  3  -  Response  at  the  first  2  slip  modes  of  a  5  D.O.F.  sliding  system 
Solid  line  “  Subharmonics  corresponding  to  Uj 

Dash  line  *=  Subharmonics  corresponding  to  «2 

(a)  base  shear  response  <b)  overtuning  moment  response 


«  E*n(t)L  11  x*(t)Ln 

n  n  n 

*  ^Vy2V<207 

.  (20) 

It  is  obvious  that  this  peak 
response  is  independent  of  the  exci¬ 
tation  of  ground  surface,  and  can  be 
controlled  by  the  frictional  coeffi¬ 
cient  p.  Similary,  this  result  is  also 
valid  for  a  many-degrees-of -freedom 
system  with  sliding  base  as  shown  in 
Fig.  2.  In  order  to  verify  this  point, 
the  development  of  the  resonant  response 
of  the  base  shear  at  the  root  section  of 
a  simple  model  with  sliding  base  to 
harmonic  excitation  is  calculated  using 
the  program  ADINA  [5],  and  the  results 
are  shown  in  Fig.  4.  Obviously  the 
transient  process  differs  from  the 
normal  resonance  process  in  that  the 
peak  responses  are  not  continuously 
growing  linearly  in  time,  but  once  the 
peak  response  of  the  base  shear  has 


overcome  the  frictional  force,  then  the 
sliding  oi  'irr  and  the  envelope  of  tne 
peak  responses  holds  at  a  constant 
level,  which  is  dependent  on  the  mass, 
the  damping  factor  of  the  system  and 
the  magnitude  of  the  frictional  forces. 
In  order  to  study  this  problem  further, 
a  bare  steel  frame  model  was  tested 
with  the  base  fixed  and  then  free  to 
slide  on  a  simple  sliding  table  in 
response  to  steady  state  horizontal  har¬ 
monic  base  motion  between  1  to  10  Hz. 

The  experimental  arrangement  is  shown  in 
Fig.  5. 

The  base  shearing  frequency  response 
curves  of  this  model  is  shown  in  Fig.  6, 
from  which  the  following  points  are 
noted:  (1)  When  the  base  is  free  to 
slide  at  the  resonance  frequency,  the 
base  shear  is  reduced  considerably  as 
compared  to  that  when  the  base  is  fixed. 
(2)  The  fundamental  frequencies  of  these 
two  states  differ  only  slightly.  (3) 
The  frequency  response  curves  show  that 
the  base  sliding  introducos  a  signi¬ 
ficant  damping  during  resonance.  (4)  It 
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Pig.  4  -  Transient  response  of  a  simple  model  during  resonance 


shows  no  subharmonics  resonant 
frequencies,  when  exciting  frequency  is 
less  than  the  fundamental  frequency  un 
of  the  fixed  base  model.  Through  the 
study  of  the  periodic  response  of  a 
sliding  system,  it  has  been  shown  that 
the  sliding  supports  can  be  quite 
effective  in  controlling  the  level  of 
response  of  structures.  However,  iso¬ 
lation  of  the  upper  structure  is 
achieved  at  the  expense  of  slip  dis¬ 
placement  between  the  upper  structure 
and  its  foundation.  The  estimation  of 
these  displacements  becomes  an  important 
aspect  in  the  application  of  such 
systems.  Since  the  earthquake  exci¬ 
tation  is  random  in  character,  the 
random  analysis  is  also  important. 

Such  work  has  been  done  to  analyse  a 
rigid  mass  supported  on  a  sliding 
frictional  surface  subject  to  random 
excitation  [8-12] . 

In  this  paper,  the  stochastic 
linearized  method  is  used  to  study  the 
stationary  response  spectrum  of  a 
simple  structure  with  the  sliding 
frictional  base  shown  in  Fig.  2  and  the 
motion  equations  expressed  by  Fas.  12 
and  13.  Let  the  acceleration  of  ground 


motion  z  bo  represented  by  a  discrete 
spectrum: 

n - 

z  ■  l  /2S_((o.,)iDCos(J<Dt  +  ♦.,)  (30) 

j-1  /  8  J  3 

where  Sg(uM)  is  the  spectrum  of  ground 
motion,  ana  <|m  is  a  random  phase  angle 
uniformly  distributed  between  0  to  2w. 
To  obtain  an  approximate  solution, 
equation  (13)  is  replaced  by  the 
"equivalent"  linear  form  using  the 
stochastic  linearized  method  [6,7] 

m0y  +  Q(t>  -  -  f3xs  (31) 
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/  Lateral  guide 


Case  1  Case  2 


Interface  welded  Pads  Inserted 

between  the  Interface 
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0.5  1.0  1.5  2.0 


Fig.  6  -  Frequency  response  curve  of  bending  strain  at 
root  section  of  frame 


CONCLUDING  REMARKS 

1.  The  resonant  response  of  a  structure 
to  harmonic  excitation  can  be 
reduced  considerably  by  mounting  the 
structure  on  a  sliding  base. 

2.  During  sliding,  there  are  m  x  n 
subharmonics  which  can  ba  induced 
by  the  superharmonic  components  of 
the  nonlinear  frictional  force, 
where  m  is  the  number  of  degrees- 
of-freedom  of  the  structure,  n  is 
the  number  of  superharmonios  of  the 
frictional  force.  Hence,  the 
response  of  a  sliding  base  system 
can  be  higher  than  those  of  a  fixed 
base  system  for  the  frequencies 
less  than  the  fixed  base  natural 
frequency  uia. 

3.  If  the  frictional  force  is  con¬ 


trolled  so  that  the  sliding  inter¬ 
face  is  locked  rigidly  when  the 
exciting  frequency  is  lower  than  the 
fundamental  frequency  of  a  system 
but  the  Interface  slides  at  the 
resonant  frequency,  then  all  the 
subharmonics  below  the  fundamental 
frequency  will  disappear.  With  such 
control  the  resonant  response  will 
be  reduced  considerably  and  the 
fundamental  frequency  of  a  system 
will  not  changed.  Therefore,  it  is 
applicable  for  the  isolation  of 
those  structures  having  low  funda¬ 
mental  frequency  to  low  frequency 
excitation. 

4.  Though  earthquake  loading  is  non¬ 
periodic,  the  periodic  response  of 
a  structure  to  harmonic  excitation 
can  explicitly  show  the  fundamental 
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dynamic  behaviour  of  a  system 


y 


movement  of  base 


5.  Stochastic  equivalent  linearized 

approach  has  been  used  to  study  the 
steady  random  response  of  the 
structure-sliding  base  system. 

Since  the  earthquake  excitation  is 
a  non-stationary  random  process, 
further  research  on  non-stationary 
random  analysis  is  needed. 
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APPENDIX 


NOTATIONS 

3  *  equivalent  linearized 

damping  coefficient 


H 


n 


magnitude  of  Coulumb  force 

probability  density  function 
of  xs 

nth  transfer  function  matrix 
of  the  clamped  supper- 
structure 


k  *  spring  constant  of  a  sliding 

oscillator 


*n 

z 

Sgn(z-y ) 


y 

w 

5 


ID 


nth  harmonic  component  of 
base  movement 

movement  of  ground  surface 

(z-y)/ |z-y | 

mi/ (mx  +  m2  ) 

friction  coefficient 

mode  damping  coefficient 

rth  mode  damping  coefficient 

root  mean  square  value  of 
sliding  displacement 

hysterestic  phase 

random  phase  angle 

exciting  frequency 


YJ 


hysterestic  phase  angle 
between  sliding  base  and 
ground  surface 


u  ■  n  x  u 

n 

Ulj  *  j  X  w 


MATRIX  NOTATIONS 

C  damping  matrix  of  the  frame 

K  stiffness  matrix  of  the  frame 


mi  *>  top  mass  of  a  sliding 

oscillator 

m2  *  base  mass  of  a  sliding 

oscillator 

m  ■=  base  mass  of  a  simple  model 

0  of  a  structure 

•  Q  ■  base  shearing  force 

Q  ■  nth  harmonic  of  base 

shearing  force 

Q  “  nth  harmonic  of  base 

n  shearing  force  induced  by  a 

unit  base  movement 

x  *■  elastic  displacement  of 

upper  structure 

x  nth  harmonic  component  of 

D  structure  displacement 

x  -  y-z  “  relative  displacement 
3  between  base  and  foundation 


M  mass  matrix  of  the  frame 

£  eigenvector  matrix 
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The  Halting  performance  of  shock  isolation  of  ssilti-degree-of-freedom 
systems  Is  studied  by  a  combined  modal  analysis,  modal  control  approach. 

The  1  solatia  elements  are  replaced  by  a  control  forces,  which  are  then 
approximated  by  a  time  series  based  on  the  natural  frequencies  of  the 
system.  Assuming  that  the  equations  of  motion,  the  performance  Index,  and 
the  constraints  are  all  linear,  the  optimization  problem  is  formulated  as 
one  of  linear  programming.  A  two— degree —of -f reed om  example  is  solved  to 
d  mwnatrate  the  feasibility  of  the  proposed  method  and  Its  advantages  over 
jther  methods.  The  modal  analysis  -  modal  control  approach  is  then  applied 
to  the  solution  of  the  limiting  performance  problem  of  shock  Isolation  of  a 
cantilever  beam. 


INTRODUCTION 

Knowing  the  limiting  performance  of  a 
system  (Its  absolute  optimal  response).  Is  of 
considerable  value  to  the  designer.  It  may 
provide  either  a  basis  for  Indirect  synthesis  of 
the  appropriate  system  or  a  reference  for 
evaluating  an  existing  design.  To  calculate  the 
limiting  performance,  those  portions  of  the 
system  being  designed  are  replaced  by  control 
forces  which  do  not  refer  to  any  particular 
design.  These  controls  are  then  determined  so 
that  a  relevant  performance  index  Is  optimized, 
while  satisfying  a  given  set  of  constraints 
Imposed  on  response  variables.  Carrying  out 
this  procedure  for  several  constraint  levels 
results  In  a  limiting  performance  trade-off 
curve  of  the  optimal  performance  index  (e.g. , 
minimal  acceleration)  vs.  prescribed  constraints 
(e.g.,  rattlespace). 

The  forsulatlon  of  a  limiting  performance 
calculation  by  linear  programing  is  given  in 
detail  In  a  monograph  by  Sevlr  and  Pilkey  [ 1] , 
which  deals  mainly  with  shock  isolation.  The 
response  of  mechanical  systems  subjected  to 
steady-state  loading  Is  considered  In  [2].  A 
modal  approach  to  the  Investigation  of  optimal 
shock  damping  of  systems  was  recently  suggested 
by  [3], 

When  the  problem  studied  here  is  of  a 
transient  nature;  control  forces  are  usually 
tlme-dlscretlzed  as  plecewlse-constant 
functions.  While  easing  the  task  of  developing 
a  linear  programming  formulation,  this 


discretization  method  has  some  drawbacks:  (1)  by 
decreasing  the  size  of  the  time  step  to  Improve 
accuracy,  one  increases  the  number  of  variables 
and  thereby  the  time  needed  for  numerical 
solution.  (2)  the  optimal  piecewise  constant 
solution  is  frequently  a  bang-bang  control, 
which  is  difficult  to  synthesize  by  conventional 
damping  elements.  (3)  In  many  cases,  the 
optimal  control  starts  at  high  force  values, 
requiring  a  "prediction"  mechanism,  which  Is 
unavailable  In  passive  elements.  In  order  to 
overcome  these  shortcomings,  the  limiting 
performance  problem  was  reformulated  [4]  using 
smooth  control  forces,  represented  by  a  Fourier 
series.  The  fundamental  period  of  the  Fourier 
expansion  Is  determined  arbitrarily,  e.g.,  by 
the  time  interval  of  Interest.  The  method  was 
applied  with  satisfactory  results  to  two-  and 
three-degree  of  freedom  systems. 

While  any  control  function  can  be  described 
accurately  by  a  Fourier  series  using  a 
sufficient  number  of  terms,  this  may  not  always 
be  the  most  efficient  way.  When  the  system 
under  consideration  has  some  natural  frequencies 
of  Its  own  (unlike  the  examples  of  Ref.  4), 
these  frequencies  can  be  used  in  the  time-series 
expansion,  Instead  of  developing  the  series  in 
an  arbitrary  basic  frequency.  The  present  paper 
deals  with  limiting  performance  evaluation  for 
shock  Isolation  of  multi-d.o.f.  systems.  A 
modal  approach  is  used  both  for  the  structural 
dynamics  analysis  and  for  the  controls, 
resulting  In  a  simplified  dynamic  analysis  and 
an  efficient  linear  programming  computation. 
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FORMULATION  OF  THE  OPTIMIZATION  PROBLEM 

To  find  the  Uniting  performance  of  a 
dynamic  systea,  those  portions  of  the  system  to 
be  designed,  e.g.,  dupen,  are  replaced  by 
control  forces.  The  equation  of  notion  of  a 
linear  N-degree-of-freedoa  systea,  subjected  to 
a  known  excitation  £(t)  and  control  forces  y(t) 
la 

M  jj  +  C  s  +  K  £  +  Vu  =  F£  (1) 

where  x  Is  the  displacement  vector  of  the 
systea.  N,  C.  K  are  the  Nxff  mass,  damping,  and 
stiffness  matrices,  respectively,  V  Is  an  NxJ 
matrix  whose  elements  are  are  0,  1  or  -1.  which 
assigns  each  of  the  J  control  forces  to  its 
appropriate  d.o.f..  and  F  is  an  NxNL 
coefficient  matrix,  relating  the  NL  external 
excitation  forces  to  the  system. 

The  Initial  conditions  associated  with  the 

dynamic  equation,  jj(zero)  and  £(zero).  are 
known.  In  practice,  one  usually  assumes  static 

Initial  conditions,  i.e.,  jc(o)  =  £(<>)  =  0. 

The  optimization  problem  Is  to  find  fl(t) 
which  will  minimize  a  given  performance  Index, 
while  complying  with  a  certain  set  of 
constraints  Imposed  upon  the  response.  The 
control  jj(t)  may,  in  general,  assume  any  value, 
but  In  some  cases  may  be  bounded  or  Included  In 
the  performance  index. 

The  performance  Index  Is  the  maximum  value 
(in  space  and  time)  of  a  given  linear  combina¬ 
tion  of  the  response  parameters  and  the  external 
forces 

^  =  max  max  (P^x  +  P^x  +  P^j  +  P^u  +  Pgf)  (2) 

where  the  P^  are  prescribed  coefficient 
matrices. 

The  constraints  can  be  specified  by  a 
similar  linear  combination 

1*1  *  +  Y2  *  +  Y3  *  +  *4-  +  Y5  *1  *  Yci  <3> 

where  Y^  are  the  prescribed  coefficient  matrices 

and  Y  .  Is  the  bound  on  absolute  value  of  the 
cl 

1-th  constraint. 

The  optimization  problem  may  then  be  stated 
as  finding  u(t)  which  will  minimize  <p,  subject 
to  equation  (1)  and  constraints  (3). 

METHOD  OF  SOLUTION 

Nodal  Solution  of  Undated  Systems 

While  damping  exists  In  most  isolation 
devices,  the  structural  damping  of  the  excited 
system  Itself  Is  usually  much  lower,  and  can  be 
neglected  when  treating  short-time  transients. 


In  what  follows,  an  undamped  system  (C=zero) 
will  be  discussed. 

To  obtain  the  natural  characteristics  of 
the  given  system,  solve  the  homogeneous  equation 

M  g  +  K  jj  *  zero  (4) 

and  find  the  natural  frequencies  and 
modeshapes  1=1, . . .NF,  NF  £  N 

The  equation  of  motion  may  be  uncoupled  by 


substituting 

&  -  i  a  (5) 

Into  (1) 

M*  a  +  K  ±  a  +  Vu  »  F  £  (6) 

T 

and  prernultiplying  by  ±  : 

*T  Mi  a  ♦  ±TK  *  fl  +  *TVJ!  =  4TF£  (7) 

Designating  the  modal  mass  and  stiffness 
matrices  (both  diagonal)  by 

±T  *4  S  %  (8») 

4T  K  *  =  (8b) 

the  governing  equation  becomes 

M#  9  +  a  +  4TVU  =  *T  FI  (9) 

e 

with  the  given  initial  conditions  a  (o),  fl  (o). 
The  matrix  equation  (9)  constitutes  a  set 


of  uncoupled  linear  differential  equations.  The 
external  forces  I.y  will  generally  excite  (or 
control)  all  of  the  modes. 

To  slnpllfy  the  solution,  the  coordinate 
vector  fl  can  be  resolved  into  two  parts, 

9  -  flF  +  flU  (10) 

F 

where  fl  satisfies  the  equation  of  motion 
governed  by  the  external  excitation  and  the 
Initial  conditions 

\  2F  +  K#  aF  =  iT  F  £  (t)  (11) 

9F(o)  =  fl(o) 

*F 

fl  (o)  =  fl(o) 

F  u 

A  can  bo  calculated  Independently  of  a  by 
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cr 

Integrating  (11)  to  obtain  g  (t)  at  any  needed 
time. 

The  other  part  of  g,  l.e..  gu,  will  have  to 
satisfy  the  controlled  form  of  the  equation  of 
motion,  subject  to  static  Initial  conditions. 

\  01  +  K^gU  +  llV!!  =  0  (12) 

gu(0)  =  gU(0)  =  0 

From  this  set,  one  can  find  the  controlled 

part  of  the  motion  gu(g,t).  The  explicit  form 
of  the  expression  depends  on  the  method  chosen 
for  discretizing  the  control  u(t). 

Discretization  of  the  Controls 

As  already  noted  above,  both  plecewise- 
constant  and  Fourier  series  methods  have  their 
dray, Decks  when  dealing  with  the  transient  motion 
of  multl-d.o.f.  systems.  In  the  present  work,  a 
solution  will  be  derived  by  expending  the 
control  forces  in  trigonometric  time-series, 
similar  to  Fourier  series,  but  Instead  of  using 
an  arbitrary  time  Interval  as  the  fundamental 
period  of  the  series,  use  will  be  made  of  the 
natural  frequencies  of  the  system. 

Assume  each  of  the  control  forces  may  be 
expressed  as 

u  =  uq  +  2  (kg  cos  Wgt  +  B^  sin  Wg  t)  (13) 

where  Wg  are  the  natural  frequencies  of  the 

system,  determined  previously  by  solving  (4). 
When  dealing  with  a  continuous  system,  or  a 
discrete  system  with  a  large  number  of  d.o.f.,  a 
truncated  series  should  be  used,  the  number  of 
the  terms  retained  being  In  accordance  with  the 
needed  accuracy. 


system  starts  also  at  zero  acceleration 

J£(0)  «  0  (Mb) 

For  a  controller  which  is  located  between  any 
two  points  of  the  system  and  made  of  passive 
elements  (springs  and  viscous  dampers),  the 
force  will  be  a  function  of  the  differential 
displacement  and  velocity  between  those  points. 
Thus. 

u  ■  f(6x,  fix)  (15*) 

which  will  be  zero  for  zero  differential 
displacement  and  velocity.  The  time  derivative 
of  this  control  force  Is 

u  =  fix  +  af_  _  fix  (15b) 

8(fix)  8(fix) 

Introducing  (14a, b)  Into  (15a, b),  one 
obtains  the  Initial  conditions  for  the  control 
force 

u(0)  =  u(0)  =  0  (16) 

Although  these  conditions  Interfere  somewhat 
with  the  pure  notion  of  limiting  performance  as 
an  absolute  optimum,  they  enhance  the  practi¬ 
cality  of  the  results. 

Substituting  t=0  In  (13)  and  Its 
derivative,  and  making  use  of  (16),  the  final 
expansion  of  the  control  force  Is  obtained  as 

u  =  2  A4  (1-  cos  Wgt)  *  2  Bg  sin  oigt  (17) 

and  2  B,o>,  =  0 

t  e  e 


In  this  connection,  a  difference  between 
piecewise  constant  and  time  series  discreti¬ 
zation  should  be  noted.  In  the  first  method. 
Improving  the  accuracy  is  done  by  decreasing  the 
time  step.  In  the  second  method,  better 
accuracy  may  be  achieved  by  either  using  smaller 
time  Intervals  or  taking  more  terms  In  the 
series.  However,  these  two  possibilities  are 
not  totally  Independent.  As  will  be  shown  In 
the  appendix,  there  Is  a  limit  to  the  number  of 
terms  which  may  be  used  for  a  given  number  of 
time  Intervals,  whereas  there  Is  no  upper  limit 
to  the  number  of  time  intervals. 

Ore  of  the  advantages  of  using  smooth 
contro'  forces  is  the  ability  to  simulate  better 
real-world  damping  elements.  Assuming  a 
stationary  system  before  the  application  of  the 
shock, 

JS(O)  =  *(0)  =0  (14a) 

Any  shock  can  be  treated  as  starting  from  zero, 
and  having  a  finite  rise  time,  so  the  excited 


Thus,  besides  producing  a  more  realistic 
limiting  performance  solution,  use  of  the 
conditions  (16)  may  decrease  the  number  of 
unknowns  by  two. 

Now  that  the  control  force  Is  expressed  In 

a  Aeries  form,  Eq.  (12)  can  be  solved  for  gu. 
Rewrite  (12)  as 

gu  +  M"XK^  gu  =  -N"1  i'Vu  (18) 

Designating  -M^X4*V  =  C  and  employing  the  fact 

that  (18)  is  a  set  of  uncoupled  equations,  one 
can  write  the  equation  governing  the  i-th  mode 


^iU  +  <  <  -  J  C1JUJ  <19> 

Substituting  the  series  expansion  (17)  for  u.  In 

J 

the  above  equation 
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..  J  nr 

qi  +  ui  qi  =  2  2  cn  tAi*(1  "  coa  «»*) 

1  1  j*l  «» l  * 

♦  Bj^  sin  w^t]  (20) 

The  sunset  ion  on  the  right  hand  side  is  done 
over  NF  relevant  nodes  (NF  ^  N)  and  over  all  J 
controls. 

The  solution  of  (20)  is 
9j  »  q1(J  +  2  (D4<  cos  uf t  +  Eif  sin  u^t) 

+  qlc  t  cos  t^t  +  qJa  t  sin  Ujt  (21) 

The  constants  in  this  expression  can  be  found  by 
differentiating  it  twice,  putting  it  into  (20). 
and  equating  the  coefficients  of  functions  of 
identical  frequencies.  This  results  in 


computational  procedure  of  the  limiting 
performance  can  be  outlined. 

1.  Solve  the  free  system  (4),  obtain  the 
natural  frequencies  and  modeshapes. 

2.  Calculate  the  elements 

3.  Express  the  coefficients  of  gU  in  terms  of 
Aj£,  according  to  the  set  (22). 

4.  Find  g1"  and  gu  *t  the  appropriate  time 

intervals  (tj,  tg .  tj.)  from  (11)  and 

(21)  respectively. 

5.  Express  the  displacement  vector  x  and  its 

derivatives  at  (tj,  . t^)  in  terms  of 

Ki«'  v  using  (5). 


1 


qio  =  u  2  22  CijAjf 

(22a) 

D“ "  V  -  .»  1  * ' 1 

(22b) 

Eif  =  1  2  Ci1B1f  *  *  1 

1,2  2  J 

wi  -  ue 

(22c) 

cu8J‘ 

(22d) 

(22e) 

The  constants  Djj.  cancelled  during  the 

calculation  but  can  be  evaluated  directly  from 
(21)  by  imposing  the  initial  conditions  qU{0)  = 
qu(0)  =  0 

D“  ■  -  (->o  *  &  ■>„> 

(22f  ) 

E“  "  ^  <fl“  *  W  "«) 

(22g) 

This  completes  the  solution  of  the  dynamic 
equations,  resulting  in  an  expression  for  the 
time  variation  of  the  displacements,  in  modal 
form,  in  terms  of  the  control  coefficients 

9  =  aF  +  flU  =  9(t,  Aje  Bj4) 

(23) 

Computational  Procedure 

After  having  developed  thu  .reeded  relations 
for  the  dynamic  solution,  the  complete 

6.  Solve  the  linear  programming  problem  of 
minimizing  the  performance  index  (2), 
subject  to  the  constraints  (3). 

EXAMPLE  -  HO  DOF  SYSTEM 

To  demonstrate  the  feasibility  and 
advantages  of  using  the  natural  frequencies  in 
studying  the  limiting  performance  of  a  transient 
system,  the  two  d.o.f.  system  of  Figure  1  was 
investigated.  It  consists  of  two  equal  masses 
«1  c  «2  »  »■  connected  by  unequal  springs  to  two 

separate  bases.  One  of  the  bases  is  stationary 
whereas  the  other  one  is  excited  by  a  known 
shock.  The  element  between  the  two  masses  is  to 
be  designed  so  that  the  acceleration  of  m^  will 

be  minimal,  subject  to  a  displacement  constraint 
on  m^.  The  shock  is  assumed  to  be  a  half-sine 

displacement.  Replacing  the  unknown  isolation 
device  by  a  general  control  force,  the  dynamic 
equations  of  the  system  are  uncoupled: 

••  2 

Xj  +  Xj  -*■  u/m  =  a  sin  wt  0<t  <  t^  (24a) 
=0  t  >  tf 

x 2  +  «22  X2  -  u/m  =  0  (24b) 

Approximate  the  control  by  a  two-frequency 
series,  having  three  unknown  constants 

u  =  Aj  (1-  cos  Ujt)  +  Ag  (1-  cos  Ugi) 

"l 

+  Bj  sin  u^t  -  Bj  _  sin  Ugt  (25) 

“2 

The  optimization  problem  can  be  stated  as: 

Find  the  constants  Aj,  Bj  such  that 

max  |xj  |  -*  min  jxgl  <.  d 
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The  Halting  perfonMaef  ef  this  system  me 
studied  using  the  premium  presented  ebove. 

Figure  2  shove  the  tine  variation  of  u.  Xj  and 

Xj  for  the  following  sot  of  pe rotters: 

eel  kgm.  <Jj  «  100  r/soc.  *  70  r/sec, 

del  ob,  e  m  10  m/sec^. 

The  shock  duration  In  this  case  Is  tj.  -  0.06 

see,  and  therefore  u  =  w/t^  =  52.36  r/sec.  The 

time  step  for  the  calculation  was  chosen  as  1/8 
of  t^,  and  the  total  time  1.25  ty. 

The  results  as  given  In  Figure  2  show  that 
limiting  performance  calculation  using  a  natural 
frequencies  series  is  feasible,  yielding  a 
smooth  control  force,  which  satisfies  the 
Initial  physical  conditions.  The  maximal 
acceleration  of  mass  m^  Is  found  here  to  be  3,71 

2  2 
m/sec  (compared  with  13.96  m/sec  for  an 

Uncontrolled  mass). 

In  order  to  assess  the  efficiency  of  the 
present  approach  versus  the  Fourler-serles 
approximation  of  the  control,  the  same  limiting 
performance  problem  was  solved  using  a 
comparable  two-frequency  Fourier  series.  The 

min  (max  x^)  found  by  both  methods  Is  presented 

In  Figure  3  for  a  range  of  shock  durations.  As 
can  be  seen,  the  natural  frequency  method  gives 
better  results  than  the  Fourier  series  for  most 
of  the  range,  except  for  shock  duration  of  0.06 
to  0.09  seconds.  For  these  values  the  shock 
frequency,  and  hence  the  basic  Fourier  frequency 
are  close  to  the  natural  frequencies,  of  the 
dynamic  system,  and  the  two  methods  should 
produce  similar  solutions.  For  longer  shock 


Shock  Duration:  0.06  sec 


Fig.  2  Ties  variation  of  control  u. 

acceleration  x.  and  displacement  x  by 
use  of  natural  frequencies 


Fig.  3  Limiting  performance  by  natural 

frequencies  (solid  line)  and  Fourier 
series  (dashed  line)  for  varying  shock 
duration 


durations,  the  expansion  in  natural  frequencies 
proves  to  be  much  superior  to  the  Fourier 
series. 

SHOCX  DAMPING  OF  BEAKS 

The  modal  analysis  -  modal  control  approach 
which  was  described  above  Is  especially  suitable 
for  finding  the  limiting  performance  of 
continuous  systems.  Consider  the  undamped, 
uniform  cantilever  beam  sketched  In  Figure  4. 
Masses  are  attached  to  the  beam  at  Its  midpoint 
and  free  tip,  and  the  connecting  mechanical 
elements  have  been  replaced  by  generic  control 
forces.  The  beam  Is  excited  by  a  given  shock  at 
Its  built-in  end.  In  the  present  example,  this 
shock  Is  assumed  to  be  a  decaying  oscillation 
described  by 

y  =  7^(1  -  cos«8t)  e  _t/tD  (26) 
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As  the  dynamic  ayatee  la  linear,  ita  reaponaa  la 
directly  proportional  to  Y  ,  In  the  following 

analyala,  a  unit  ahock  (Yo»l)  la  conaldered. 

Treatment  of  the  paaalve  dynamic  veralon  of 
thl>.  ayatem  uaually  concentratea  on  finding 
optimum  valuea  of  abaorber  tuning  and  dashing 
for  steady  state  excitation  (e.g,.  [5],  [6]). 

The  transient  case  of  the  same  configuration, 
with  a  different  loading,  was  treated  In  [3], 

The  objective  function  to  be  minimized  la 
the  maximal  acceleration  of  the  free  end,  while 
the  constraints  are  Imposed  on  the  rattlespacea 
between  the  beam  and  the  two  masses. 


y(t) 


Fig.  4  Cantilever  beam  with  two  damping  masses 


The  dynamic  problem  will  be  treated  by  the 
finite  element  method,  using  conventional  beam 
elements.  However,  since  the  system  under 
consideration  is  a  uniform  cantlleter  beam, 
available  relationships  for  Its  mode  shapes  and 
natural  fraquencies  can  be  used. 

The  beam  Is  divided  Into  N  elements,  each 
with  four  degrees  of  freedom.  There  are  two 
degrees  of  freedom  at  the  bullt-ln  end  for  which 
the  angular  displacement  Is  identically  zero  and 
the  transverse  displacement  Is  the  given 
external  shock.  The  dynamic  system  is  therefore 
of  order  2N.  let  25  be  the  generalized 
displacement  vector  having  2N  elements,  and  let 
y  be  the  known  fixed  end  translation.  Following 
the  procedure  presented  above,  one  considers 
first  the  uncontrolled  system.  The  dynamic 
equation  of  motion  In  this  case  will  be 


s 

o  o  •  •  • 

K 

0 

1-12 

|-6AL 

00  ...  -12  -6AL|  12, 

y  . 

,  f 

(27) 


where  N  and  K  are  the  2N  X  2N  mass  and  stiffness 
matrices  of  the  cantilever  beam,  AL  is  the 
length  of  a  single  element  and 


c.  .  Eft  c  „  i 

AL3 

The  last  equation  of  this  set  determines  the 


force  at  the  built-in  end.  Considering  only  the 
2N  active  degrees  of  freedom,  Eq.  (27)  can  be 
rewritten  as 


0 

0 

0 

0 

54 

y  "Sc 

-12 

13AL 

-6AL 

(28) 


Proceed  as  outlined  above;  substitute  25  =  4  a 
and  multiply  by  4*" 

[2  1 


w  "F  *  V  F  .T 
51  +  fl  =  ♦ 


yl 

y2 


where 

yj  =  -54  CB  y  +  12  C^y 


(29) 


y2  =  -13AL  Cb  y  +  6AL  C^r 


For  the  1-th  mode  of  the  uncoupled  set  (29) . 
division  by  results  in  the  governing 

equation 


"F 

qi  + 


F 

qi 


r2N-l . 1 


(30) 


The  mode  shapes  and  natural  frequencies 
will  be  taken  from  the  exact  beam  solution 
(*•*..  [7]) 


W(f)  =  2  A 
1  1 


[(sin  PjL  -  sinh  0jL) 
(sin  Pjf  -  slnh^f)  + 


(cos  PjL  +  cosh  PjLHcosj -  cosh^f)]  (31) 


(PjL)2 


(32) 
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where  p^L»1.8751,  PgL=4.69-i;l  •  ®-c  • 

Replace  the  longitudinal  coordinate  f  by  the 
distance  of  the  nth  node  from  the  fixed  end 

s  •  (N-n+l)AL  (33) 

so  that  noraal  mchos  for  use  In  (30)  are 
obtained.  For  dlsplaceaents 

42n-l.l  “  "  slnh^LKsln^-n+l^AL  - 

BlnhJN-n+lJpjAL]  +  (cos^L  + 
coshP1L)[cos(N-n+l)PjAL  - 
coshtN-n+lJpjAL]  (34) 

and  for  slopes 

*Sa».l  "  -Pi{(*lnPiL  -  -inhPiL) 

[cos^-n+lJ^AL  -  cosh(N-n+l)P1£L]> 

-  (cosPjL  +  coshP1L)[sln(H-n+l)P1AL 

+  slnh(N-n+l)PiAL]}  (35) 

The  solution  of  (30)  Is 

qtF  =  A^slnu^t  +  BjCosWjt  +  f ^( t)  (36) 

where  f(t)  Is  the  particular  solution  which 
depends  on  the  eternal  excitation.  For  the 
decaying  shock  (26)  It  can  be  shown  that 

f ^ { t)  =  (Fq  +  Fj  cosust  +  Fg  slnt>st)  e  t7tD  (37) 

The  values  of  Fq,  F^  and  Fg  are  given  In 
Appendix  2.  The  coefficients  A^  and  B^  can  be 

determined  using  the  Initial  conditions  of  the 
system.  Assuming  that  the  bean.  Is  started  from 
rest, 


A  _  ?0/tD  +  Fl7tD  “  wsF2 

(38a) 

i 

wi 

Bi  -  -  F0  -  F1 

(38b) 

For  the  next  step  of  the  solution,  consider 
the  response  of  the  beam  to  the  control  forces. 
The  (2Nm2)  coefficient  matrix  V  of  Equation  (1) 
has  only  two  non-zero  elements,  namely  V(l,l)=l 
and  V(N+1,2)=1.  Using  the  notation  of  Equation 
(19),  the  values  of  the  constants  In  the 


uncoupled  equation  will  be 

C11  '  _*l.i/%i 

(39a) 

C12  “  "*H+I,i/%1 

(39b) 

Introduction  of  Eqs.  (39a, b)  Into  Eqs.  (22) 


results  In  the  response  of  the  beam  being 
expressed  In  terms  of  the  unknown  control 
coefficients  Aj^.  B^  of  Eq.  (17).  The  complete 

response  Is  obtained  by  superposition  of  the 
forced  and  controlled  motions,  and 
transformation  of  the  solution  from  modal 
variables  to  the  real  displacement  vector  j£. 
Inserting  this  into  the  expressions  for  the 
objective  function  (2)  and  the  constraint  set 
(3),  and  employing  a  linear  programing  code, 
the  optimal  values  of  A^  and  B^  may  be  found. 

The  problem  was  solved  for  the  beam  of  [3], 
having  EI=G2. 58*10®  lb.  in2.  L=150  inch,  and 

p= 2.6  lb.sec2/ln2,  divided  Into  N=10  elements. 

The  appended  masses  were  each  1QX  of  the  total 

beam  mass,  and  the  shock  parameters  were 

t  =  2r/u  =0.1  sec,  t_  =  0.05  sec. 
s  s  1) 


Objective  Function 
(in/sec^) 


The  trade-off  curve  for  equal  constraints 
on  the  two  rattlespaces  Is  givtn  In  Figure  5. 

The  calculations  were  made  for  25  time  intervals 
of  0.004  sec.  each,  taking  Into  account  three 
modes.  These  results  should  be  compared  with 
the  maximal  free  end  acceleration  of  the 

2 

uncontrolled  rer./onse,  which  Is  2200  ln/sec  . 
This  means  that  using  three  modes,  up  to  60%  of 
the  acceleration  might  be  damped  out,  and  the 
residual  Is  at  higher  frequencies.  As  the 
constraints  are  tightened,  the  possible  doping 
is  reduced.  To  estimate  the  convergence  of  the 
procedure,  the  calculations  were  repeated  fo; 
both  rattlespace  constraints  equal  to  1,  with 
ulfferent  numbers  of  modes.  The  results  are 
given  In  the  table  below  and  display  quite  e 
satisfactory  convergence  for  the  limited  number 
of  modes  considered.  Further  Increase  in  the 
number  of  modes  employed  does  not  change  the 
results  significantly. 
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No  of  Modes 

Oblective  Function 

1 

1980 

2 

1096 

3 

901 

COHCUUSICNS 

In  this  study,  the  limiting  performance 
problem  for  the  shock  isolation  of  linear 
mul tidegree-of-f reedom  systems  was  treated, 
using  modal  analysis  for  the  structural  dynamics 
and  for  smooth  control  forces.  A  general 
formulation  was  presented  in  which  the  control 
forces  were  approximated  by  a  time  series  based 
on  the  natural  frequencies  of  the  system.  This 
modal  control  approach  can  be  applied  to  any 
multl-d.o.f.  discrete  system  and  to  continuous 
systems.  The  limiting  performance  of  a 
two-d.o.f.  system  was  Investigated  by  the 
proposed  method  and  by  expanding  the  control  in 
a  conventional  truncated  Fourier  series.  The 
results  confirm  the  feasibility  of  using  natural 
frequencies  in  analyzing  transient  processes. 

For  most  of  the  range  of  shock  durations 
investigated,  the  modal  control  method  was  found 
to  be  superior  to  a  Fourier  series  of  the  same 
number  of  terms.  To  demonstrate  the  application 
of  the  method  to  continuous  systems,  the 
limiting  performance  for  the  shock  isolation  of 
a  cantilever  beam  was  explored.  Satisfactory 
results  were  obtained  by  using  three  modes. 
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NOTATION 

a  -  constant 
A^j  -  coefficients 

Bjj  -  coefficients 

C  -  damping  matrix 

-  beam  element  stiffness  coefficient 

C  -  beam  element  mass  coefficient 
m 

Cjj  -  coefficients 

d  -  displacement  constraint 
Djj  -  coefficients 

E  -  beam  Young's  modulus 
Ejj  -  coefficients 

f  -  force 

F  -  coefficient  matrix 

-  constants 

I  -  beam  moment  of  Inertia 
J  -  number  of  controls 
K  -  stiffness  matrix 

-  modal  stiffness  matrix 

L  -  length  of  beam 

AL  -  length  of  beam  element 

m  -  mass 

M  -  mass  matrix 

M^  -  modal  mass  matrix 

N  -  degree  of  system;  number  of  beam 
elements 

NC  -  number  of  constraints 

NF  -  number  of  modes 

NL  -  number  of  external  excitations 

NT  -  number  of  time  discretizations 

Pi,  Pa,  Pa  _  coefficient  matrices 

g  -  modal  coordinates 

t  -  time 

tjj  -  time  constant 

tg  -  shock  period 

u  -  control  force  vector 

V  -  coefficient  matrix 

x  -  displacement  vector 

y  -  external  shock  (displacement) 

Y  -  constraint  vector 

c 

Y, ,  Ya,  Y3  -  coefficient  matrices 
Pj  -  beam  eigenvalues 

t  -  mass  density  per  unit  length 

±  -  mode  shape 

-  performance  index 

u  -  f requency 

f  -  longitudinal  beam  coordinate 

superscripts: 

F  -  external  force 

U  -  control  force 

t  -  transpose 


8.  Rabiner,  L.R.  and  Gold,  B. ,  Theory  and 
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APPENDIX  1 

ESTIMATION  OF  THE  NAXORM  ALLOWABLE 
NUMBER  OF  TONS  IN  THE  SFBTFS  EXPANSION 

In  the  formulatlo..  of  the  linear  program¬ 
ming  problem,  the  objective  function  and  the 
given  contralnts  are  expressed  as  Inequalities 
which  have  to  be  satisfied  at  every  time 
Instance.  The  number  of  Inequalities  Is 
therefore  proportional  to  the  number  of  time 
Intervals  NT.  When  the  control  force  Is 
expanded  In  any  time  series,  the  number  of 
unknown  coefficients  will  be  equal  to  the  number 
of  terms  one  chooses  to  take  Into  consideration. 
In  the  case  of  a  sine-cosine  series,  truncating 
the  series  after  NF  frequencies  results  In 
having  2xNF  unknowns  (assuming  that  the  free 
term  is  determined  by  demanding  zero  Initial 
force).  The  optimization  problem  is  to  minimize 
the  performance  Index  <p,  subject  to  a  given  NC 
constraint.  In  LP  formulation  this  Is  expressed 
as  1+NC  inequal i tier  which  have  to  be  met  at  all 
NT  time  instances,  resulting  In  (l+NC)xNT 
Inequalities. 


one  should  be  aware  of  a  possible  need  to  change 
the  time  step  size  accordingly. 

The  above  mentioned  phenomenon  Is  analogous 
to  the  aliasing  In  spectral  analysis  of 
discretely  sampled  Information  [8].  In  that 
case  the  well  known  sampling  theorem  states  that 
the  continuous  Information  has  to  be  sampled  at 
a  rate  which  Is  at  least  two  times  higher  than 
Its  maximal  frequency. 


APPENDIX  2 

EVALUATION  OF  CONSTANTS  FOR  A  DECAYING  3*XX 
REPRESENTATION 

If  the  shock  of  Eq.  (26)  Is  placed  Into  the 
governing  equation  (30),  It  appears  as 


Consider  now  two  extreme  cases.  When  the 
constraints  are  very  narrow,  approaching  zero  in 
the  limit,  the  inequalities  turn  into  equations. 
One  may  search  an  optimal  solution  for  which 
>><=0.  In  this  case  there  are  (1+NC)  NT  equations 
In  2NF  unknowns,  and  If 

2  NF  >  (1+NC)  NT  (Al.l) 

they  can  practically  be  solved  to  obtain  an 
optimal  solution,  for  which  the  performance 
Index  reaches  an  absolute  minimum  value,  l.e., 
</>=0,  at  all  NT  time  Instances.  This  solution 
has  no  physical  significance,  since  the 
performance  Index  will  differ  from  zero  all  the 
time,  except  for  a  finite  number  of  time 
Instances.  Equation  (Al.l)  sets  an  upper  bound 
to  the  number  of  terms  which  may  be  taken  in  the 
truncated  series  In  order  to  avoid  the  trivial 
solution 

NF  <  1  .+  m  NT  (A1.2) 

2 

When  the  constraints  are  wider,  the  same 
solution  of  4=0  can  be  obtained  with  fewer 
terms.  The  other  extreme  case  will  be  when  the 
constraints  are  wide  enough,  so  that  they  may  be 
disregarded.  In  this  case  NC=0,  and  the 
condition  for  nonexistence  of  the  trivial 
solution  4=0  Is 


*'F  2  F  —t/t- 

ql  +  "i  **1  =  (®o  +  a!  cos«Bt  +  SgSlnUgt)  e  T) 

(A2.1) 

where 

“0  *  (12*2n-l,l  +  6*2n.lAL)^— 

V 

"  ^2n-l.i  +  l3*Sn.iAL£-/tD*  (A2  2) 

%1 

al  =  -<l2*2n-l.i  +  *fc.i"*>T--  (“«2-  X/tD2) 

♦i 


^2n-1(i  +  13  Vi^  ^-3> 

Wi  +  1*2n.i^/^  (**.4) 

Substitution  of  the  particular  solution  (37) 
into  Eq.  (A2.1)  yields 

a0 

Fq  =  - _ -  (A2.5) 

2  2 

-1  +  1AD 


NF  <  1/2  NT  (A1.3) 

The  acceptable  ratio  of  the  number  of 
frequencies  and  time  steps  should  be  determined 
for  each  specific  problem  by  parametric 
convergence  tests . 


iltp2  -  us2  *  ui2>  ai  ~  jvA 

(l/tn2  -  u  2  +  w  2)  +  4  u  2/t  2 
v  D  s  i  J  so 


(A2.6) 


If  one  wishes  to  Improve  the  accuracy  of 
the  solution  to  the  LP  problem  by  using  a 
smaller  time  step,  this  can  always  be  done. 
However,  If  there  are  more  terms  In  the  series, 


(1/tD  “  us  +  *1  )  ®2  -  2w2al/tD 

,,  2  2  .  2.  ^  .  2 2 

t1/4D  "  ws  +  wi  >  +  /lD 


(A2.7) 
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ANALYTICAL  STUDY  OF  THE  EFFECT  OF  EARLY  WARNING 
ON  OPTIMAL  SHOCK  ISOLATION 
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Armament  Development  Authority 
Haifa.  Israel 

and 


W.  D.  Pilkey 

Department  of  Mechanical  and  Aerospace  Engineering 
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Charlottesville.  Virginia  22901 


The  optimal  shock  Isolation  of  a  slngle-degre*-of-freedom  system  with 
early  warning  Is  accomplished  by  an  active  *  —bang  control.  It  Is 
shown  that  this  problem  can  be  solved  analytically  usli%  a  kinematic 
approach.  For  a  typical  shock  Input,  the  optimal  control  Is  found  to 
consist  of  a  main  positive  pulse,  and  possibly  additional  Initial  and 
terminal  negative  pulses.  The  existence  of  a  maximum  usable  early 
warning  time,  beyond  which  there  can  be  no  further  Improvement  In 
Isolation,  Is  Identified. 


INTRODUCTION 

Shock  Isolation  systems  can  be  generally 
classified  as  either  passive  or  active.  A 
passive  system  responds  to  the  shock  input 
without  any  external  control,  and  Is  composed  of 
passive  elements,  which  are  usually  spring  and 
dashpot  combinations.  An  active  system  has  some 
sensing  and  computation  devices,  which  control 
force-producing  elements.  The  limiting 
performance  of  a  shock  Isolation  system  Is  the 
optimal  response  of  an  active  system,  for  a 
given  Index  of  performance  and  a  given  set  of 
state  constraints. 

The  problem  of  optimal  shock  Isolation 
synthesis  Is  defined  and  reviewed  by  Sev'.i  and 
Pilkey  [1].  Several  methods  for  calculation  of 
the  limiting  performance  are  given  In  the  same 
reference.  A  particularly  Interesting  study  was 
performed  by  Klein  [2],  who  proved  that  the 
optimal  response  of  a  single  mass,  three-degree- 
of-freedom  (DOF)  system  would  be  translation 
only,  a  fact  which  enhances  the  Importance  of 
analyzing  single  DOF  systems. 

When  the  system  to  be  Isolated  Is  expensive 
or  Important  enough,  an  effort  might  be  made  to 
alleviate  Its  response  by  making  use  of  an  early 
warning  system  (EW).  If  the  typical  shocks 
exciting  the  system  are  large  ground  motions, 
for  Instance,  this  EW  may  be  Implemented  by 
Installing  several  accelerometers  at  known 
distances  and  directions  from  the  system. 


The  problem  of  finding  the  limiting  perform¬ 
ance  in  the  presence  of  EW  Is  treated  briefly  In 
both  references.  They  calculated  It  by  numeri¬ 
cal  optimization  codes,  and  found  that  using  an 
W  has  significant  advantages  in  shock  Isola¬ 
tion.  In  this  work  It  will  be  shown  that  an 
analytical  solution  exists  for  most  cases  of  an 
EW.  Besides  simplifying  the  calculation  proce¬ 
dure,  this  solution  will  highlight  some  Impor¬ 
tant  characteristics  of  the  optimal  Isolation 
using  an  EW. 

ANALYSIS 

The  present  work  considers  the  optimum 
shock  Isolation  of  a  single  DOF  system,  shown  In 
Figure  1.  For  a  limiting  performance  study  the 
elements  connecting  the  mass  m  to  Its  base  are 
replaced  by  a  generic  control  force  u.  As  the 
acceleration  In  this  case  Is  directly 

proportional  to  the  force,  Umax,  the  control 
All  oe  expressed  throughout  this  work  In  terms 
of  acceleration,  and  the  analysis  Is  Independent 
of  the  mass  m. 

The  base  Is  subjected  to  e  given  shock 
y(t).  When  dealing  with  large  ground  motion, 
the  shock  Is  frequently  assumed  to  be 

y  =  0.5  aQ  t2  e"t/to  (la) 

where  an  Is  the  maximum  acce’eratlon  and  t  Is  a 
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Fig.  1  Schematic  of  single  DOF  system 

decay  time  constant.  The  maximal  base  displace¬ 
ment  for  this  shock  *111  be 

ym  =  2  aQ  tQ2  e~2  (lb) 


Solve  for  t./t  from  (4)  in  terms  of  a  /a  and 

1  O  BO 

substitute  it  in  (5b).  This  portrays  a  limiting 
performance  trade-off  curve,  which  is  shown  in 
Figure  2. 


The  velocity  and  acceleration  associated  with 
this  shock  are  obtained  by  differentiation 

y  =  0.5  aQ(2t  -  t2/to)e-t/to  (lc) 

y  =  ao[l  -  (2t/to)  +  0.5t2/to2]e_t/to  (Id) 

The  problem  at  hand  is  to  find  the  control 
force  u(t)  which  will  minimize  the  rattlespace 

max  |x-y  |  (2) 

while  satisfying  a  gi*.  jn  acceleration 
constraint,  determined  by  the  ability  of  the 
system  to  sustain  loads 

|x|iam  (%,  <  a0>  (3) 

Generally  [1],  this  problem  is  solved  by  using  a 
numerical  optimization  technique,  e.g. ,  linear 
programming.  The  optimal  control  for  the 
present  case  is  known  to  be  of  a  bang-bang  type, 
and  the  problem  is  to  find  the  timing  (and 
number)  of  switchings.  It  will  be  shown  that 
this  can  be  done  analytically  using  a  kinematic 
approach . 

Consider  first  the  case  of  no  early  warn¬ 
ing.  The  control  can  start  (ideally)  simultan¬ 
eously  with  the  shock,  and  its  magnitude  is 
bounded  by  the  maximal  allowable  acceleration. 

As  has  been  recognized  [1],  the  minimal  rattle- 
space  is  achieved  by  starting  the  control  at 
t=0,  maintaining  its  maximal  value  until  t=tj, 

when  the  velocity  of  the  mass  reaches  that  of 
the  base.  As  the  relative  velocity  is  zero,  the 
relative  displacement  will  be  maximal  at  that 
moment  and  decrease  afterward.  The  optimal 
control  for  t  >  tj  is  not  unique  since  the 

maximal  rattlespace  has  already  occurred,  and 
the  control  should  just  prevent  the  system  from 
•  •'ceeding  that  value . 

The  time  of  equal  velocities  is  calculated 
from  the  kinematic  relationship 


am^a0 

Fig.  2  Limiting  performance  trade-off  curves 


Consider  now  the  case  where  early  warning 

is  present  (Figure  3).  For  a  short  El,  the 

optimal  control  strategy  will  still  be  to 

accelerate  the  mass  immediately  at  the  maximum 

allowable  value,  until  its  velocity  matches  that 

of  the  base.  As  before,  from  this  moment  on  the 

optimal  control  is  not  unique.  The  velocities 

of  the  mass  and  the  base  will  assume  the  same 

value  twice  in  the  acceleration  process:  the 

first  time  during  the  tapld  base  acceleration, 

and  the  second  time  when  its  acceleration  is 

smaller  than  a  .  When  the  E W  time  is  short,  the 
m 

first  occurrence  will  correspond  to  a  small 

relative  displacement,  and  the  maximum  will  be 

attained  at  the  second  passage  (see  Figure  3, 

curve  1).  When  the  EW  time  is  Increased,  the 

relative  displacement  will  Increase  for  the 

first  passage,  and  decrease  for  the  second  one. 

At  some  critical  value  of  the  EW  time,  t  ,  the 

c 
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Fig.  3  Shock  and  response  state  variables 

two  rattlespoces  will  be  equal  (curve  2  of 
Figure  3). 


For  tgj  £  tc>  the  mln-max  relative  displace¬ 
ment  will  still  be  found  by  Its  value  at  the 
second  velocity  passage,  tg.  The  kinematic 

relations  are  similar  to  those  with  tjyO, 

V1  "  “.(‘EW  +  V 

.  0.5  a^tj  -  e  (6a) 

o  "t./t  2 

Di  *  0.5  aoti2  e  -  0.5  ajt^  +  tj) 

(7a) 

The  subscript  1*1,2  refers  to  the  first  or 
second  velocity  passage,  respectively.  These 
equations  can  be  written  in  a  non-dimensional 
form  as 


=  1.2  (7b) 

For  given  »m/*0  end  tE^/t0  one  0811 


tj/^  from  (6b)  and  then  Dg/yB  from  (7b).  This 

will  be  the  solution  to  the  mln-oax  problem  as 
long  as  tgj  £  tc«  For  a  certain  value  of  tgj^tQ 

one  finds  |D,/y_|=|D„/y„| .  and  that  time  ratio 

corresponds  to  the  critical  value  t  /t  .  The 

rattlespace  for  that  EW  time  will  be  designated 

D  .  The  solution  of  these  algebraic  equations  1- 
c 


shown  In  Figure  4  as  curves  of  D/y^  versus 


0  .5  1.0  1.5 


Fig.  4  Min-max  rattlespace  versus  EW 

time  and  allowable  acceleration 

For  t^>tc  the  control  will  no  longer  be  a 

constant  maximum  force.  Suppose  that  the 
control  Is  started  slightly  before  the  critical 
early  warning  time,  t<-t  .  The  relative 

displacements  In  this  case  will  satisfy  |D2l<Dc. 
but  |D1|>Dc.  Yet.  if  some  extra  EW  time  Is 

available,  the  system  could  be  brought  to  more 
favorable  Initial  conditions,  at  some  t  =  -t 

© 

(see  Figure  5),  which  would  result  in  a  net 
reduction  of  the  rattlespace.  Notice  that 
changing  the  initial  location  x(-t  )  Is 

equivalent  to  translating  vertically  the  whole 
displacement  curve.  Reducing  Dj  may  be  achieved 

by  starting  at  a  negative  x(-te).  This  means 

that  the  main  control  pulse  should  be  preceded 
by  a  negative  pulse.  This  initial  pulse  should 
comply  with  the  imposed  acceleration  constraint, 
and  Its  length  should  be  such  as  to  make  |Dj |  = 

iDgl-  When  the  available  EW  time  is  increased, 

the  rattlespace  |D^ |  =  ID^I  may  be  reduced 

further,  but  this  would  require  a  larger  Initial 
displacement  x(-te).  The  optimum  will  be 

reached,  for  an  unlimited  EW  time,  as  all  three 
external  rattlespaces,  i.e.,  at  -t^,  tj,  and  tg, 

are  equal 

lxel=IVxfyll=lxe+x2'y21 


(8a) 


0.5 
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Fig.  5  Optimal  two-impulse  (main  +  initial) 
control,  am/ao  =0-2 

Since  is  an  extremum,  it  is  obvious  that  the 
velocity  associated  with  it  is  zero. 

x(-te)=0. 

Two  relations  may  be  deduced  from  (8a): 
y2  "  *2  =  0  (8b) 


t 

e 


1 


(11) 


from  which  t ^  And  t#  can  be  calculated.  Using 

(8c)  and  the  condition  of  equal  velocities  at 
tla  one  obtains 


lo 


1  -1 
—  -  0.5— 


-t,  ,t 
1/  o 


o  J 


(12) 


from  which  t,  is  calculated,  and  finally 


opt  e 

7T =  % 


2  „  a 

-t./t  m 

1  o  -  _ 

e 

a 

o 


t  t, 

2 

e  1 

t  +  t 

o 

o 

. 

(13) 


This  might  be  termed  the  absolutely  minimal 

rattlespace,  since  under  the  given  acceleration 

bound,  a_.  there  is  no  way  of  getting  a  smaller 
m 

mln-max  relative  displacement. 

The  control  for  t^  “  is  not  unique. 

However,  it  is  of  much  practical  importance  to 

find  the  control  which  will  result  in  the 

absolutely  minimal  rattlespace.  while  minimizing 

the  required  EW  time.  Again,  using  the  maximum 

allowable  acceleration  a  ,  this  control  will  be 

m 

a  bang-bang  type,  mate  of  two  equal  but  opposite 
impulses,  which  will  bring  the  system  to  x  =  X(, 
♦ 

x  =  0  at  t  =  -t  .  If  each  acceleration  impulse 
is  of  magnitude  a_  and  length  At,  the  velocity 

D 

ut  the  end  of  the  second  impulse  will  be  zero, 

2 

and  the  displacement  will  be  a  At  .  Equating 

n 

this  to  xe,  one  gets  the  relation 


x,  =  -O^Xj-yj)  (8c) 

Using  (8b)  and  the  condition  of  equal  velocities 
at  t3: 


(14) 


2  “*2^*o  2 

°.5  aot^  e  2  -  0.5  ajt.+t^2  =  0  (9a) 

v2  =  am  (le  +  *2*=  °^2t2~t2/to^  ^  (9b) 


The  control  force  which  corresponds  to  this 
criterion  is  therefore  found  to  be  a  2-pulse 
force  for  the  whole  shock  isolation  process,  as 
sketched  in  Figure  5.  The  minimum  rattlespace 
corresponding  to  this  control  is  marked  M+I 
(main  plus  initial)  on  Figure  4. 


After  some  manipulations  one  obtains 


a 


m 


a 

o 


2 

1  -0.5  — 
o. 


~t2/to 


In  most  of  the  practical  cases,  where' the 
allowable  acceleration  is  not  too  low,  the 
mln-max  relative  displacement  is  governed,  es 
stated  above,  by  the  isolation  process  until 
(1®)  time  tg.  For  t  >  tg,  the  optimal  control  is  not 

unique,  and  that  part  of  the  decaying  shock  has 
no  effect  whatsoever  on  the  solution.  For  small 
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a  /a  ,  care  should  be  taken  of  this  "tall”  of 
n  o 

the  shock  too.  In  order  to  prevent  the  build-up 
of  large  negative  relative  displacements,  one 
will  have  to  decelerate  the  systea  until  the 
velocities  of  the  bass  and  its  base  Batch  for 
the  third  tlsie.  The  optlBAl  control  here  Is 
made  of  two  pulses:  a  main  positive  pulse  and  a 
terminal  negative  one.  When  the  allowable 
acceleration. Is  small  enough  and  the  EW  time  is 
long,  even  using  the  maximum  reversed  control 
for  all  of  the  time  until  the  velocities  become 
equal  ajr'ln  results  In  a  displacement  D3  which 
is  larger  than  Dj.  Increasing  *ew  beyond  the 

value  for  which  |Da|*|Da|  makes  the  optimal 
control  reverse  Its  direction  before  catching  up 
with  the  base  velocity  at  ta,  as  sketched  In 
Figure  6.  The  additional  unknown,  the  reversal 
time  t  ,  Is  determined  by  equating  |Da|=|D3|. 

Klein  [2]  solved  a  problem  of  the  early 

warning  type,  where  aQ=2  in/sec  .  tQ=l  sec,  t^ 

=  0.75  sec.  He  Impos'd  a  rattlespace  constraint 
|x-y|<0.1  Inch  and  using  an  LP  numerical  optimi¬ 
zation  program  found  the  mlnlsaim  acceleration  to 
2 

be  0.183  in/sec  .  Using  the  same  parameters  in 
the  present  kinematic  approach.  It  Is  found  that 

tr  =  0.966  sec  and  m in-max  |x  |  =  0.1806  in/sec^. 

Besides  being  a  somewhat  better  solution  than 
Klein’s,  this  Is  the  exact  solution  In  the  sense 
that  It  Is  obtained  directly  from  a  set  of  4 
algebraic  equations. 

As  before,  the  situation  changes  for  even 
larger  EW  times.  At  4  certain  value  of  t^  one 

finds  that  the  two  final  rattlespaces  |Da|=|D3| 
become  equal  to  the  Initial  rattlespace  Dt. 
Increasing  t^  beyond  this  value  makes  Dt 

greater,  and  an  Initial  negative  control  force 
should  be  applied,  as  before.  In  this  case  the 
optimum  control  Is  made  of  3  pulses:  a  positive 
main  pulse  plus  Initial  and  terminal  negative 
pulses.  This  situation  Is  represented  In  Figure 
4  by  that  part  of  the  curve  (for  a^/a^-0.1) 

narked  M+I+T.  Again,  may  be  increased  until 

the  maximum  usable  EW  tlate  Is  encountered,  for 

which  |x(-te)|=|D1MD2|-|n3|. 

The  trade-off  curve  for  unlimited  t^y  Is 

shown  In  Figure  2.  It  Is  Interesting  to  note 
that  whereas  trade-off  curves  usually  assume  the 

value  D/y  =  1  at  a  /a  ->0,  in  this  case  the 
m  b)  o 

ratio  Is  D/y  =  0.5.  When  the  available  EW  time 
n 

Is  Infinite,  even  an  Infinitesimally  sbaII 

acceleration  a  may  be  used  to  drive  the  mass  to 
n 

the  middle  point  x  =  0,5  y_  at  t=0,  thereby 

m 

assuring  that  the  relative  dlsplaceswnt  will 
never  exceed  |D|£0.5  y  . 

The  maximum  usable  EW  time  Is  shown  In 
Figure  7  as  a  function  of  the  acceleration 
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Fig.  6  Optimal  two-pulse  (main  +  terminal) 

control .  Vo  =01  WV0’7 


constraint.  The  whole  dooAln  Is  divided  Into 
four  subdomains,  according  to  the  type  of 
optlsium  control:  main  pulse  only  (N),  main  + 
Initial  (K+I).  main  +  terminal  (M+T)  or  3-pulse 
(M+I+T) . 

CONCLUSION 

The  present  work  Investigated  the  optimal 
Isolation  of  a  slngle-DOF  system  excited  by  a 
typical  large  motion  shock,  when  early  warning 
say  be  available  for  use  In  improving  the 
performance  of  the  Isolation  system.  The  main 
conclusions  of  this  Investigation  are: 

1)  The  optlBAl  control  Is  a  bang-bang  type, 
the  timing  and  number  of  switchings  can  be 
found  analytically  using  a  kinematic 
approach . 

2)  The  optimal  control  consists  of  a  main 
positive  pulse,  and  possibly  additional 
Initial  and  terminal  negative  pulses. 

3)  For  any  given  acceleration  constraint  there 
Is  a  corresponding  absolutely  BtlnlBal 
rattlespace,  which  Is  obtained  when  the  EW 
time  Is  long  enough. 

4)  There  Is  a  maximum  usable  EW  time,  at  which 
the  absolutely  minliaal  rattlespace  may  be 
attained  by  Bieans  of  a  2  or  3-pulse 
control .  Longer  EW  time  cannot  produce  a 
smaller  rattlespace.  All  the  above 


71 


Vao 


Fig.  7  Maximum  usable  EW  time  versus  accelera¬ 
tion  constraint.  Subdomain  division 
according  to  required  control  pulses 


conclusions  are  qualitatively  valid  for 
shocks  of  any  shape,  and  the  kinematic 
approach  presented  here  can  be  applied  to 
their  quantitative  analysis. 
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The  U.S.  Army  Teat  and  Evaluation  Command'a  Shock  and 
Vibration  Technical  Committee  is  actively  involved  in 
research  efforts  in  the  dynamic  environments  associated 
with  the  transport  of  materiel  in  a  wide  variety  of 
vehicles.  The  results  of  these  efforts  provide  the 
technical  community  with  vital  and  timely  information  for 
for  use  in  test  tailoring.  The  results  of  the  completed 
research  are  described  as  are  the  objectives  of  the  current 
and  near-fliture  research  efforts. 


INTRODUCTION 

The  U.S.  Any  Test  and  Evaluation  Command 
(TECOH)  formally  organised  its  Shock  and 
Vibration  Technical  Committee  in  1972.  The 
objective  of  this  committee  has  remained  the 
same  since  its  inception — to  research  the 
dynamic  environments  of  vibration  and  shock, 
particularly  for  ground  vehicles  and 
equipment  handling  operations  but  also  for 
missiles,  and  for  Any  fired  and  rotary  wing 
aircraft  and  to  provide  the  technical 
coaminlty  with  realistic  laboratory  test 
procedures  and  techniques. 

hiring  the  first  few  years,  the  various 
TECOM  installations  and  activities  submitted 
numerous  research  proposals  addressing  a  wide 
variety  of  shock  and  vibration  aspects. 
.Implications  often  occurred;  funded  efforts 
were  sometimes  too  small  in  magnitude  to 
thoroughly  address  the  subject;  and  others 
were  too  large  in  scope  —so  large  that  the 
investigators  grew  weary  before  results  were 
achieved.  At  the  March  1978  meeting  of  the 
TECOM  Shock  and  Vibration  Technical 
Committee,  the  entire  shock  and  vibration 
methodology  program  (as  it  is  referred  to) 
was  revised  to  establish  an  integrated  set  of 
investigations. 

This  original  plan  of  action  provided  the 
mechanism  to  give  the  needed  positive 
direction  to  this  shock  and  vibration 
methodology  program  which,  in  turn,  permitted 
the  conaittee  to  proceed  in  an  aggreesive 
fashion  towards  the  and  result  of  updating 
laboratory  shock  and  vibration  test 
schedules.  With  the  emphasis  today  on  teat 
tailoring,  the  results  that  have  already  been 


guinea,  plus  the  results  yet  to  be  gained 
through  pending  research,  can  provide  the 
technical  eo*minity  with  invaluable  and 
r cat-effective  technical  information  to  aid 
in  prescribing  the  most  realistic  siimilation 
environments. 

This  paper  will  encapsulate  the  results 
already  obtained,  deecribe  the  current 
efforts  and  will  detail  the  future  that  is 
planned  for  TECOM 's  research  efforts  in  the 
dynamic  environments. 

RESULTS  OBTAINED 

Investigation  Number  1  addressed  the 
loading  configuration  for  military  ground 
vehicles.  Its  objective  was  to  determine  the 
procedures  and  techniques  used  ty  the 
U.S.  Any  to  load  and  secure/restrain 
amaunition  and  items  of  general  equipment  in 
these  vehicles.  This  investigation  was 
completed  and  reported  in  1979  and  found  that 
ammunition  and  general  equipment  are 
transported  in  the  same  general  manner — that 
being  either  palletised  or  containerised  from 
the  manufacturer  to  the  forward  supply  point 
and  then  either  palletised  or  as  separate 
items  from  the  forward  aupply  point  to  the 
using  unit.  Tbs  report  documented  that  the 
cargo  load,  ae  a  percentage  of  rated 
capacity,  tends  to  be  at  or  near  the  capaoity 
(either  weight  or  sise)  of  the  particular 
vehicle.  The  investigation  also  revealed 
that  there  is  a  wide  variation  in  cargo 
restraint.  There  are  instances  where  cargo 
is  secured  both  vertically  and  borisontally 
on  the  transport  vehicle;  and  there  are 
instances  where  no  securing  mechanism  is  used 
at  all.  It  was  determined  that  for  the 
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majority  of  the  time,  cargo  is  restrained  in 
the  two  horieontal  planes  but  not  in  the 
vertical  plane,  and  the  horieontal  restraints 
vary  from  rigid  to  loose.  The  investigation 
also  indicated  that  steel  banding  was  a 
representative  means  of  securing  the  test 
load  to  the  vibration  exciter. 

The  second  investigation  addressed  the 
distances  that  ammunition  and  items  of 
general  equipment  may  be  transported  in  air, 
ground  and  rail  vehicles,  both  commercial 
and  military.  The  investigation  was 
completed  and  reported  in  1981  .  It 

determined  that  the  maxigum  distance  that 
Ann y  materiel  will  be  moved  by  road  and/or 
rail  transport  systems  within  the  continental 
United  States  is  7241  1cm  (4000  mi).  Movement 
of  materiel  to  overseas  areas  is  expected  to 
cover  a  distance  of  6463  to  16,000  1cm 
(4000  to  10,000  mi)  by  either  ocean-going 
vessels  or  aircraft.  Since  the  vibration 
environment  associated  with  these  two  modes 
of  transportation  is  considerably  ^eas  severe 
than  that  of  ground  vehicles,  the  distances 
associated  with  these  transport  environments 
need  not  be  included  in  laboratory  testing. 
Thr  cargo  transport  distance  for  ground 
vehicles  in  overseas  theaters  was  established 
to  be  804  km  (500  ml)  from  the  overseas  port 
of  debarkation  to  the  using  unit.  The  method 
of  cargo  restraint  for  563  km  (350  mi)  of 
that  804  km  could  vary  as  found  in 
investigation  Ho  1 .  This  second 

investigation  concluded  that  the  final  241  km 
(150  mi)  would  be  from  the  Corps  storage  area 
to  the  using  unit  and  that  the  cargo  would  be 
loosely  stowed. 

The  third  investigation  in  this  plan 
studied  the  effects  that  variations  in  load 
weight  and  configuration  had  on  the  dynamic 
response  (or  input  to  the  cargo)  of  the 
vehicle  bed.  This  involved  studying  the 
effective  mass  of  a  trailer  and  developing  a 
technique  for  deriving  derating  factors — all 
under  laboratory  conditions.  This 
investigation  was  completed  and  reported  in 
December  1981  and  concluded  that  it  was 
possible  to  obtain  derating  factors  from 
frequency  response  functions.  The 
Investigation  had  found  that,  generally, 
increasing  load  reduced  the  response  of  the 
vehicle  bed  which  would  mean  a  decrease  in 
the  vibration  input  to  the  cargo  load. 

The  fourth  investigation  of  this  plan 
addressed  the  subject  of  loose  cargo  and 
certification  of  the  current  loose  cargo 
(bounce)  test.  This  investigation,  which  was 
conducted  by  the  U.S.  Army  White  Sands 
Missile  Range,  was  completed  and  reported  in 
July  1983  .  The  significant  achievement  from 
this  effort  was  the  design,  construction  and 
verification  of  a  measurement  device 
referred  to  as  a  model  hardware  specimen 
(MHS).  This  /as  a  mechanical  structure 
having  a  series  of  16  cantilevered  beams, 
attached  to  an  aluminum  beam,  which  were 


tuned  at  frequencies  from  5  to  160  Ha  and 
separated  in  frequency  by  one-third  of  an 
octave.  Each  beam  was  instrumented  with  a 
fatigue  life  gouge  and  a  strain  gauge.  This 
assembly  wae  mounted  on  a  base  plate.  An 
accelerometer  was  mounted  on  the  assembly  to 
measure  the  input  acceleration  to  the  MHS  in 
the  axis  of  excitation  of  the  beams.  Some 
preliminary  work  waa  done  with  the  MHS  in 
measuring  the  field  environment  and  the 
laboratory  environment  of  the  package  tester 
in  order  to  verify  the  validity  and 
reliability  of  the  MHS  as  a  mechanism  to 
measure  this  rather  harsh  and  intermittent 
environment  which  is  a  combination  of  shock 
and  vibration.  The  goal  of  uBing  the  MHS  wae 
to  correlate  the  cunulative  fatigue  data, 
generated  by  the  fatigue  gauges,  between  the 
field  and  laboratory  environments. 

Another  completed  investigation  had  as 
its  objective  the  measurement  of  the  actual 
field  vibration  environments  for  secured 
cargo  transported  in  various  military  ground 
vehicles  and  the  translation  of  these  data 
into  laboratory  vibration  ainulation  test 
schedules.  The  results  obtained  from  the 
first  three  investigations  of  this  overall 
plan  were  used  in  support  of  this  effort. 
Inasnich  as  many  items  of  cargo  (e.g., 
ammunition,  general  types  of  equipment)  can 
be  transported  as  secured  cargo  (secured  in 
all  three  planes),  this  investigation 
addressed  the  secured  cargo  method  of 
transport  and  the  resulting  vibration 
environment.  As  steel  banding  had  been  found 
to  be  representative  of  the  securing  medium 
used  in  the  field,  it  was  used  to  secure  the 
load  vertically;  and  blocking  was  utilised  as 
needed  for  the  horisoutal  planes. 
Consideration  was  also  given  to  the  results 
of  the  effective  mass  and  ' loading 
configuration  investigations.  The  loading 
configuration  results  indicated  that  cargo 
vehicles  tended  to  be  loaded  at  or  near  their 
capacity,  and  the  effective  mass  study  found 
that  decreasing  the  load  increases  the 
vibration  levels  on  the  cargo  bed.  In  order 
to  add  some  conservatism  to  this  schedule 
development  effort  to  account  for  variations 
in  loading,  a  cargo  load  of  15%  of  the 
vehicle's  weight  capacity  was  used  as  the 
load  for  each  vehicle.  Because  of  the 
establishes  loading  techniques  for  ammunition 
and  general  types  of  cargo,  no  effort  was 
made  to  develop  any  type  of  derating  factor. 

Vibration  data  were  measured  at  nine 
symmetrical  locations  on  the  cargo  beds  (on 
structural  members  under  the  actual  cargo  bed 
floor)  of  1-1  /4-ton,  2-1 /2-ton,  and  5-ton 
cargo  trucks,  a  12-ton  semi-trailer,  the  1/4- 
and  1-1  /2-ton  two-wheeled  trailers  and  the 
6-ton  M548  tracked  cargo  carrying  vehicle. 
ThB  wheeled  vehicles  were  operated  over  four 
different  fixed  profile  courses  in  the  Combat 
Systems  Test  Activity's  Munson  Test  Area,  and 
the  tracked  vehicle  was  operated  on  a  flat 
paved  road.  The  courses  used  for  the  wheeled 
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vehicles  are  considered  to  be  Indicative  of 
the  terrain  deecrlbed  in  available  cargo 
scenario  information  as  secondary  road, 
trails  and  off-road  and  have  been  found  to 
produce  the  moot  severe  vibration  effects  on 
wheeled  vehicles;  likewise,  the  paved  road 
produces  the  most  severe  vibration 
environment  of  tracked  vehicles. 

Similarity  of  the  data  between  the  cargo 
trucks  and  12-ton  semi-trailer  permitted  the 
data  from  all  of  these  vehicles  to  be 
overlayed  and  combined  into  one  laboratory 
schedule  for  each  axis,  identified  as 
composite  wheeled  vehicle;  similarly  the  data 
from  both  two-wheeled  trailers  were  combined 
into  one  laboratory  schedule  for  each  axis, 
identified  as  composite  two-wheeled  trailer. 
These  composite  schedules  are  broadband 
random  vibration.  The  M548  vehicle  had  a 
series  of  schedules  developed  for  each  axis 
due  to  the  limitations  that  existed  with 
digital  control  systems  at  that  time.  Those 
schedules  are  referred  to  as  swept  narrowband 
random-on-broadband  random  since  the  various 
phases  reflect  the  background  vibration 
arising  from  sources  such  as  the  engine  and 
transmission  plus  the  narrow  band  of  random 
energy  created  at  each  vehicle  speed  by  the 
interaction  of  the  track  with  the  drive 
sprocket  and  the  track  with  the  road  surface. 
These  narrowbands  are  very  much  speed 
dependent,  and  each  fundamental  and  its 
harmonics  appear  simultaneously  for  the 
particular  road  speed;  but  no  other 
fundamentals  and  harmonics  are  present.  The 
sweeping  of  the  narrowbands  of  random 
vibration  energy  is  used  to  simulate  the 
various  road  speeds  at  which  the  vehicle  is 
operated. 

The  test  times  for  these  various 
schedules  and  resultant  amplitude  levels  were 
determined  from  both  the  results  of  the 
mileage  data  documented  in  the  second 
investigation  and  from  the  Operational  Mode 
Summary  for  an  Ammunition  Production 
Validation  Test.  The  resulting  scenario  is 
shown  in  Figure  1  and  represents  cargo 
transport  in  overseas  theaters  of  operation. 

Based  on  the  transport  distance,  average 
vehicle  speed  and  percentage  of  the  total 
distance  depicted  by  the  four  Munson  test 
courses,  the  resulting  real  time  test  for  the 
composite  wheeled  vehicle  was  20  hours  per 
axis,  which  was  considered  too  long  for  a 
laboratory  test.  An  exaggeration  factor  (not 
be  exceed  23%  of  the  peak  field  data 
measured)  was  calculated  to  reduce  the  test 
time  to  2  hours;  this  factor  became  1.85- 
The  two-wheeled  trailer  real  time  calculated 
to  be  96  minutes  per  axis,  which  was 
considered  to  be  a  reasonable  laboratory  test 
time;  this  no  exaggeration  factor  was 
necessary.  The  M548  tracked  cargo  carrier 
presented  the  opposite  problem.  The  total 
time  the  cargo  would  be  subjected  to  the  moat 
severe  vibration  environment  was  4.8  minutes, 


which  was  too  short  of  a  time  to  be 
accommodated  by  the  digital  control  software 
that  was  available.  The  philosophy  thus  used 
was  that  if  fatigue  is  the  damage  mechanism, 
which  is  the  assumption  used  when  applying 
exaggeration  factors,  then  the  real  world 
test  levels  could  be  "de-exagge rated"  (or 
apply  an  exaggerated  factor  of  less  than 
unity)  to  extend  the  test  time.  The 
exaggeration  factor  thus  used  was  0.51*  A 
few  concerns  have  been  expressed  over  the 
"de-oxaggerated"  philosophy,  specifically 
that  applying  a  factor  of  less  than  unity 
could  place  the  test  levels  at  or  below  the 
endurance  limit  of  the  material  and  this  no 
fatigue  damage  would  ever  be  incurred  by  the 
item.  The  basis  for  applying  a  less-than-one 
exaggeration  factor  is  that  when  acceleration 
levels  are  measured  in  the  field,  one  has  no 
real  idea  where  on  the  slope  of  the  S-N  curve 
for  the  material  these  levels  fall. 
Therefore,  if  one  aasu  is  applying  a  factor 
of  exaggeration  above  one  will  keep  the  test 
levels  somewhere  on  the  slope  of  the  curve, 
the  converse  can  also  be  true.  If  one 
suspects  that  the  field  levels  are  actually 
close  to  the  endurance  level  and  that 
applying  a  less-than-one  factor  would  put  the 
levels  at  or  belcw  this  endurance  level, 
there  is  probably  no  reason  to  rin  the  test 
even  at  the  actual  field  levels  since  no 
significant  fatigue  damage  would  probably  be 
incurred  anyway.  The  M548  test  schedules  run 
for  60  minutes  per  axis,  which  is  divided 
equally  among  the  number  of  phases  per  axis. 

The  resulting  test  schedules  from  this 
investigation  represent  a  one-time  transport 
by  the  particular  vehicles  through  the 
identified  scenario  of  Figure  1. 

The  shock  environment  for  secured  cargo 
in  various  military  ground  vehicles  was 
addressed  in  another  completed  investigation. 
The  objective  of  that  study  was  to  measure 
the  actual  field  shock  environment  for 
secured  cargo  transported  in  various  military 
ground  vehicles  and  to  translate  those 
environments  into  laboratory  shock  simulation 
test  schedules. 

The  vehicles  used  for  this  study  were  the 
same  types  that  were  used  for  the  secured 
cargo  vibration  study  with  the  one  exception 
that  the  1-1/4-ton  vehicle  was  not  surveyed. 
The  locations  of  the  accelerometers  were  the 
same  as  for  the  secured  cargo  vibration  study 
except  only  five  locations  were  utilised  due 
to  the  symmetry  of  locations  and  the 
similarity  of  vibration  data  between  all 
locations.  The  wheeled  vehicles  were 
operated  over  the  Munson  Belgian  Block,  Two- 
inch  Washboard,  Three-inch  Spaced  Bump  and 
the  Radial  Washboard  courses  with  cargo  loads 
of  lOOSf  and  30%  of  the  individual  vehicle's 
load  weight  capacity.  The  loads  were  secured 
in  all  three  planes.  Additionally,  all  the 
wheeled  vehicles  were  run  over  a  30.5-cm 
(12-in.)  wide  semicircular  pipe  anchored  to  a 
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gravel  road  and  protruding  12.7  cm  (5  in.) 
above  the  ground.  The  M548  tracked  cargo 
carrier  was  operated  on  the  Combat  Systems 
Test  Activity's  Cross-Country  No.  3  and 
Secondary  A  courses  of  the  Perryman  Test 
Area. 

A  previous  investigation  completed  by  the 
Materiel  Testing  Directorate  of  Aberdeen 
Proving  Ground  (now  the  U.S.  Army  Combat 
Systems  Test  Activity)  in  February  1977 
established  the  criterion  for  separating 
shock  data  from  vibration  data.  This 
criterion  is  that  any  acceleration  level  in 
the  field  data  which  equals  or  exceeds  a 
value  of  six  times  the  rms  level  of  the 
overall  data  run  is  considered  to  be  shock. 
That  criterion  was  used  in  the  secured  cargo 
shock  investigation,  and  all  data  were 
analysed  to  determine  those  conditions 
(vehicle,  load  and  course)  which  resulted  in 
shock  being  present  at  any  measurement 
location. 

On  the  wheeled  vehicles,  some  of  the  test 
courses  produced  no  shock  pulses  while  others 
did  produce  some.  In  some  instances  of 
shock,  the  overall  data  run  had  very  low  rms 
levels  (less  than  0.5  grms).  To  facilitate 
the  analysis,  rms  levels  of  1 -0  g  and  above 
were  considered  as  significant  and  the  number 
of  shocks  exceeding  six  times  these  levels 
were  tabulated.  A  comparison  of  these 
various  g  rms  levels  were  made  to  the 
overall  g  rms  level  of  the  various  laboratory 
random  vibration  test  schedules  developed 
during  the  previously  discussed 
investigation.  As  it  is  reasonable  to 
assume  the  distribution  of  random  amplitudes 
in  the  field  and  laboratory  environments  are 
nearly  the  same,  the  rms  levels  which  served 
as  the  basis  for  determining  the  shock 
occurrences  were  encompassed  within  the  rms 
levels  of  the  laboratory  schedule;  this  any 
shock  levels  would  be  contained  in  the  random 
vibration  teat  schedules. 

The  data  from  the  single  bump  produced 
rms  levels  generally  less  than  those  from  the 
various  test  courses,  hence  no  further 
consideration  was  given  to  those  data.  No 
shocks  were  found  on  the  cargo  deck  of  the 
M548  tracked  cargo  carrier.  The  conclusions 
of  that  investigation  were  that  there  was  no 
justification  for  developing  laboratory  shock 
test  schedules  for  secured  cargo  transport. 

Another  of  the  many  investigations 
identified  in  the  overall  TECOM  Plan  of 
Action  addressed  the  number  of  miles  that 
various  Army  materiel,  including  ammunition 
in  ready  racks  within  combat  vehicles,  are 
transported  as  installed  equipment.  This 
investigation  was  completed  and  the  report 
written  in  December  1983.  Installed 
equipment  is  defined  as  items  such  bb 
communications  equipment,  optical  devices  and 
reference  systems  which  are  actually 
individual  items  but  are  mounted  on  or  in 


military  vehicles  and  are  required  for  those 
vehicles  to  meet  their  mission 
responsibilities.  Anmunition  loaded  in  racks 
in  combat  vehicles  (such  as  main  battle 
tanks)  is  considered  to  be  installed 
equipment  even  though  it  is  expended. 

This  study  was  conducted  through 
literature  searches  and  numerous  contacts 
with  military  testing  centers  in  an  effort  to 
identify  realistic  mileages  that  installed 
equipment  is  expected  to  withstand  and  still 
remain  functional.  For  wheeled  vehicles  this 
was  identified  as  40,233  km  (25,000  mi), 
which  is  the  approximate  halfway  point  to  the 
major  rebuild  of  most  wheeled  vehicles.  The 
major  rebuild  point  for  tanks  was  identified 
as  the  amount  of  transport  that  installed 
equipment  (excluding  ammunition)  is  to 
withstand;  this  distance  was  established  to 
be  9656  km  (6000  mi). 

Ammunition  is  treated  a  little 
differently.  Its  vibration  simulation  was 
based  on  the  number  of  years  that  the  same 
ammunition  was  found  to  have  been  in  main 
battle  tanks  and  the  annual  mileage 
statistics  for  the  various  types  of  combat 
vehicles.  A  study  conducted  by  the  U.S.  kray 
Materiel  System  Analysis  Activity  (AMSAA) 
identified  the  number  of  months  that 
ammunition  was  uploaded  in  the  ready  racks  of 
tanks.  A  survey  of  the  annual  mileage  of 
literally  hindreds  of  individual  tanks  and 
self-propelled  howl tiers  was  used  to 
statistically  eutablish  annual  mileage 
figures.  From  all  of  this  research,  it  was 
established  that  ammunition  and  ammunition 
components  in  combat  tanks  should  be  vibrated 
as  installed  equipment  to  the  equivalent  of 
8047  km  (5000  mi)  of  field  transport  in  each 
of  the  three  axes.  Similarly  the 
separate-loaded  155-mm  projectiles 
transported  in  the  Ml 09  series  of 
self-propelled  howitzers  should  be  vibrated 
to  the  equivalent  of  684C  km  (4250  mi)  of 
field  transport  (again  in  each  of  the  three 
axes).  It  was  established  that  the 
separate-loaded  175-mm  and  8-inch  projectiles 
transported  on  their  respective 
self-propelled  howitzers  need  not  be 
subjected  to  the  installed  equipment 
vibration  environment  since  there  are  only 
two  rounds  carried  on  a  howitzer,  these 
rounds  undoubtedly  would  be  the  first  ones 
fired,  and  this  they  would  see  little  in  the 
way  of  transport  mileage. 

The  final  investigation  which  has  been 
completed  and  approved  by  TECOM  was  concerned 
with  determining  and  quantifying  the 
vibration  characteristics  of  military 
vehicles  during  operations  in  a  cold  regions 
environment.  This  investigation  was 
completed  and  documented  by  the  U.S.  Army 
Cold  Regions  Test  Center  in  Fort  Greeley, 
Alaska  in  December  1982.  The  concern  which 
led  to  this  investigation  was  that  the 
suspension  characteristics — and  thus  the 
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vibration  signature  of  military 
vehicles — possibly  would  be  significantly 
different  as  a  result  of  being  stiffer  due  to 
the  extreme  cold.  The  same  vehicles  were  run 
at  the  Arctic  Test  Center  under  both  summer 
and  extremely  cold  winter  conditions)  and 
vibration  data  on  the  vehicles  were  recorded - 
The  findings  were  that  those  vibration 
characteristics  were  no  more  severe  in  the 
cold  regions'  winter  environment  than  those 
in  its  summer  (temperate)  conditions.  The 
reason  for  this  was  that  after  a  relatively 
short  distance  of  travel  in  the  winter,  the 
suspension  had  "warmed  up"  and  functioned 
normally. 

INVESTIGATIONS  RECENTLY  COMPLETED 

This  portion  of  the  paper  discusses  the 
investigations  which  have  been  completed  and 
are  undergoing  TECOM  staffing  for  review  and 
accommodation  of  comments  prior  to  final 
approval  by  TECOM. 

One  of  these  investigations  was  the 
development  of  vibration  schedules  for 
M109/41110  self-propelled  artillery.  For  this 
investigation,  the  installed  equipment 
vibration  environment  for  the  M109A3, 
155-mm  self-propelled  howitcer  waa  measured 
at  various  locations  throughout  the  vehicle 
during  paved  road  operations;  and  laboratory 
vibration  test  schedules  were  developed.  The 
resulting  schedules  were  for  the  ammunition 
bustle  rack,  the  ammunition  deck  racks, 
ammunition  locations  on  the  vehicle  sponson, 
propelling  charges,  turret  and  hull. 
Similarly,  the  vibration  signature  of  the 
M110A2,  8-inch  self-propelled  howitser  was 
measured;  and  laboratory  simulation  schedules 
were  developed.  The  specific  areas  for  this 
vehicle  were  the  gun  trunnion,  the  top  deck, 
the  gun  mount  and  the  hill  driver's 
compartment.  No  schedules  were  developed  for 
the  ammunition  due  to  the  findings  of  ohe 
Investigation  on  installed  equipment  mileages 
that  were  discussed  in  the  preceding  portion 
of  this  paper. 

As  these  were  both  tracked  vehicles,  and 
the  vibration  environment  of  all  tracked 
vehicles  is  characterised  by  a  series  of  high 
energy,  speed-dependent  fundamental 
frequencies  along  with  their  individual 
harmonics  on  a  relatively  low-level  broadband 
random  spectra,  these  environments  are 
simulated  by  the  swept  narrowband 
random-on-broadband  random  laboratory  test 
spectra.  Aa  with  the  previously  discussed 
tracked  vehicle  test  schedules,  each  axis  had 
to  be  divided  into  phases  in  order  to  conduct 
the  test  using  the  available  digital  control 
software. 

Based  on  the  installed  equipment  mileages 
documented  in  the  previously  discussed 
inveatigation,  exaggeration  factors  had  to  be 
calculated  and  applied  to  the  real  world 
spectra  in  order  to  accommodate  the  vibration 


simulation  in  a  reasonable  amount  of  time  in 
the  laboratory. 

A  second  investigation  recently  completed 
was  on  the  subject  of  loose  cargo  test 
schedules.  This  waa  the  follow-on 
investigation  to  the  one  conducted  by  the 
U.S.  Army  White  Sands  Missile  Range  ('JSMR)  in 
developing  the  MHS.  This  paper  will  give  a 
brief  overview  of  this  second  investigation 
as  one  of  the  following  papers  in  this 
session  entitled  "A  Proposed  Technique  for 
Ground  Vehicle  Loose  Cargo  Vibration 
Simulation"  by  Mr.  Connon,  will  provide  the 
details  of  this  particular  inveatigation. 

Due  to  the  recognised  fragility  of  the 
tuned  beams  of  the  MHS,  a  mathematical  model 
of  the  MHS  was  developed  and  the 
accelerometer  data  were  inputted  to  that 
model  to  compute  cumulative  fatigue.  The 
acceleration  input  to  the  MHS  waa  measured 
during  transport  over  various  test  courses  in 
a  5-ton  truck,  a  3/4-ton  two-wheeled  trailer 
and  the  6-ton,  M548  tracked  cargo  carrier. 
Data  were  also  collected  under  a  variety  of 
test  conditions  on  a  laboratory  package 
tester. 

A  series  of  computer  programs  were  used 
to  reduce  the  vibration  data  into  power 
spectral  densities  (PSDs)  which  were  then 
computer- transformed  into  vibration 
schedules.  The  field  and  laboratory 
schedules  were  then  compared  to  develop  a 
test  equivalence. 

The  findings  of  this  investigation  were 
that  the  loosely  stowed  cargo  test  conducted 
on  a  package  tester  is  an  inexact, 
uncontrolled  teat  which  should  be  conducted 
to  determine  external  damage  to  the  test  item 
and  should  not  be  used  as  a  substitute  for  a 
well-controlled  laboratory  secured-cargo 
test;  and  operation  on  a  package  tester  with 
a  plywood-covered  bed  at  300  rpm  for 
45  minutes  provides  a  reasonable  simulation 
of  the  loose  cargo  transportation  environment 
(all  three  axes  simultaneously)  of  ammunition 
boxes  in  a  wheeled  vehicle  or  two-wheeled 
trailer.  The  investigation  also  found  that 
the  package  tester  does  not  simulate  tracked 
vehicle  cargo  transport  environments. 

Rail  impact  test  procedures  have  been 
addressed  in  a  third  investigation  recently 
completed,  and  the  draft  report  is  currently 
being  revised  to  address  all  the  staffing 
comments.  A  paper  entitled  "Updating  Rail 
Impact  Test  Methods"  was  presented  by  Mr. 
Robert  McKinnon  at  the  1985  Shock  and 
Vibration  Symposium  in  Monterey,  CA.  Since 
that  presentation,  additional  data  have  been 
received  from  various  sources  on  the  actual 
impact  speeds.  With  speed  data  from  a  total 
of  over  125,000  impacts,  the  number  of 
impacts  exceeding  12.9  km/hr  (8  mph)  was 
found  to  be  only  two  percent,  whereas  the 
data  previously  available  covered  only  a 
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little  over  16,000  impacts  and  indicated  that 

7.9  percent  were,  over  12.9  km/hr.  The  latest 
data  tUrther  subatcntlates  the 
recommendations  of  the  report  that  the 
maxima  speed  he  12.9  km/hr. 

The  rail  impact  procedure  develops,.  in 
that  investigation  la  considered  realistic 
for  creating  the  environment  of  care  rolling 
into  other  cars  during  train  makeup  in 
classification  yards  and  for  simulating  the 
number  of  classification  yards  a  particular 
car  and  item  may  go  through  during  a 
cross-country  trip.  The  procedure  utilises 
two  stationary  buffer  cars,  each  with 
standard  draft  gear  and  each  being  rigidly 
upweighted  to  a  total  gross  weight  of 
55,700  kg  (125,000  lb).  A  standard  draft 
gear  car  with  the  test  itoa:  properly 
positioned  and  secured  to  it,  is  set  in 
motion  act  the  buffer  cars  at  a  speed 
of  9.7  wm/hr  (6  mph).  This  three-car 
configuration  la  then  impacted  (at  the  teat 
item  car)  by  a  174,800-kg  065, 999-lb) 
rigidly  weighted,  standard  draft  gear  hammer 
car.  The  two- impact  procedure  la  then 
repeated  at  11.3  km/hr  (7  mph)  and 

12.9  km/hr.  At  the  completion  of  the  sixth 
Impact,  ths  test  car  is  turned  around  and  the 
six- impact  cequance  is  repeated. 

Data  which  are  required  for  this  test  are 
the  impact  speed  and  coupler  force  in  order 
to  identify  the  initial  input  conditions  for 
both  comparative  purposes  with  other  tests 
and  to  provide  meaningful  information  to  the 
designer  of  the  item  for  failure  analyses. 
Cable  tensions  must  also  be  measured 
initially  so  that  identical  conditions  can  be 
established  for  comparison  tests.  (The 
tie-down*  are  not  *d justed  once  the  test 
starts. ^ 

C1TRRBHT  EFFORTS 

Presently,  there  are  four  inveetigations 
being  conducted  as  part,  of  the  TECOM  Plan  of 
Action.  These  are  addressing  the  development 
of  vibration  schedules  for  installed 
equl  t  lent  in  military  ground  vehicles;  the 
dev  x  pment  oi  vibration  schedules  for 
helicopter  equipment  and  cargo;  the 
development  of  a  shock  and  vibration  data 
baas  for  vehicles  and  equipment;  and  defining 
the  maximum  axaggeration  factor  to  be  used  in 
developing  laboratory  simulated  vibration 
test  schedules.  An  overview  of  each  of  these 
investigations  follows. 

Realistic  vibration  schedules  tor  installed 

EQUIPMENT  IS  MILITARY  VEHICLES 

Investigations  since  the  early  19P0’s 
have  documented  the  real  world  environment  to 
be  either  rar  'om  (wheeled  vehicles)  or 
complex  random  (swept  narrowband 
random-on-hroadband  random)  (tracked 
Vi  tides)  vibration  spectra.  Naw  laboratory 
v  ration  test  schedules  for  Installed 


equipment  have  been  developed  only  for 
ammunition  in  the  M60A3,  Ml  and  M1A1  Main 
Battle  Tanka  (although  not  as  a  part  of  this 
TECOM  Plan)  and  for  ammunition  and  installed 
equipment  in  the  M109  and  Ml  10  families  of 
howitzers  as  discussed  previously  in  this 
paper. 

The  current  investigation  deals  with 
measuring  the  vibration  inputs  to  installed 
equipment  (with  the  oxceptlon  of  that 
ammunition  and  Installed  equipment  already 
completed  as  described  above)  in  all  military 
ground  vehicles  currently  in  the  kray 
inventory  and  translating  these  data  into 
laboratory  vibration  test  schedules.  Some 
vehicles  have  been  completed  and  a  few  others 
remain  to  be  done. 

VIBRATION  SCHEDULES  FOR  HELICOPTER 
EXTERNAL  STORES 

The  current  test  schedules  for  the 
laboratory  simulation  of  the  vibration 
environment  for  equipment  instilled  in  Army 
helicopters  is  a  spectra  of  broadoand  random 
with  superimposed  sinusoidal  vibration  peaks. 
These  schedules  are  general  in  nature  and 
were  developed  several  years  ago  and  were 
perhaps  reutricted  in  realism  at  that  time  by 
the  analysis  equipment.  Insufficient  data 
currently  exist  to  adequately  define  thia 
environment  in  order  to  develop  realistic 
laboratory  vibration  simulation  schedules. 
Two  other  techniques  that  could  poesibly 
better  simulate  the  actual  helicopter 
vibration  snvironment  are  the  narrowband 
random-on-random  that  is  used  for  tracked 
vehicles  or  a  shaped  random.  The  goal  of 
this  particular  investigation  is  to  develop 
laboratory  vibration  test  aohedules  for 
external  stores,  installed  equipment  and 
cargo  on  helicopters.  The  overall 
responsibility  for  this  ptudy  lies  with  the 
U.S.  Army  Yuma  Proving  Ground  (USAYPG); 
USAYPG  has  tasked  WSMR,  USACSTA  and  the  U.S. 
Army  Aviation  Development  and  Testing 
Activity  (USAAVNDTA)  to  provide  assistance  in 
this  rather  ambitiour  effort. 

A  limited  number  of  flights  have  been 
made  with  the  AH-1S  (Cobra)  and 
UH-60A  (Blackhawk)  helicopters  from  which 
data  were  obtained.  Efforts  are  presently 
continuing  in  the  reduction  and  analysis  of 
the  Cobra  flight  data  and  the  development  of 
laboratory  test  schedules.  This  effort  on 
the  BlackhawK  at  USACSTA  was  recently 
completed,  the  report  written,  staffed  and 
approved  by  TECOM.  Ae  a  limited  number  of 
flights  actually  occurred,  there  were 
insufficient  data  available  to  adequately 
define  the  cargo  area  and  certain  installed 
equipment  areas  of  this  cargo  helicopter. 
The  only  schedules  this  developed  were  for  a 
forward  electronics  package.  These 
schedules,  however,  are  designated  as 
prelininaiy  ones  since  the  helicopter  was 
flown  with  the  external  fliel  tanks  in  piece 
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(which  are  used  for  extended  range  flights 
only),  and  any  difference  in  vibration  levels 
with  the  tanks  removed  is  unknown  at  this 
time. 

In  spite  of  the  problems  of  insufficient 
data,  significant  advancements  were  made  in 
the  analysis  of  helicopter  data  and  in 
es  .ablishing  an  event-weighting  technique 
during  the  development  of  the  test  schedules. 

An  analysis  of  the  distribution  of  the 
amplitude  of  the  PSD  function  at  the 
•fundamental  forcing  frequency  and  at  the 
second  and  third  harmonics  was  made  to 
determine  whether  these  frequencies  were 
sinusoidal.  The  data  showed  significant 
scatter  in  the  amplitude  regardless  of  the 
flight  condition.  It  was  concluded  that 
although  the  frequency  of  the  fundamental  and 
its  harmonics  does  not  vary  :he  amplitude 
value  at  those  particular  frequencies  does 
vary.  Since  the  amplitude  is  not  constant, 
the  data  cannot  be  considered  to  be 
sinusoidal.  This  conclusion  led  to  the 
recommendation  that  the  helicopter  vibration 
environment  be  simulated  by  a  shaped  random 
test. 

Limited  flight  scenario  information  has 
been  obtained  by  USAYPG  from  USAAVNDTA.  This 
information  was  discussed  and  reviewed  by  the 
TECOM  Shock  and  Vibration  Technical 
Committee's  Helicopter  Working  Group  which 
ultimately  categorized  the  various  events 
into  groups  and  identified  the  corresponding 
percentages  of  flight  time  for  the  groups. 
This  is  shown  in  Table  1  for  both  the  UH-60A 
and  AH-1S  helicopters. 

The  development  of  the  test  schedules 
from  the  scenario  information  was 
accomplished  on  a  weighted  bases,  i.e.,  the 
contribution  of  each  flight  event  to  the 
final  schedule  was  based  on  the  percentage  of 
time  that  event  occurred  during  the  1.5-hour 
scenario,  as  indicated  in  Table  2. 
Normalizing  the  time/event  values  to  the 
smallest  whole  number  results  in  a  ratio  of 
one  for  group  1  events;  eight  for  the  group  2 
events;  and  two  for  the  grwip  5  events.  The 
final  PSD  plot  (from  which  the  schedule  data 
were  derived)  was,  therefore,  a  composite  of 
the  PSD  data  from  one  each  of  the  two  events 
comprising  group  1 ;  eight  of  the  group  2 
events;  and  two  each  of  the  three  events 
comprising  group  3  (total  of  16  data  files). 

The  final  schedules  (which  have  been 
designated  ae  preliminary)  are  a  shaped 
random  aB  shown  in  Figure  2. 


It  is  evident  that  the  laboratory 
ichedule  contains  only  a  fundamental 
frequency  plus  a  harmonic.  A  comparison  of 
this  sch'  dule  to  the  PSD  data  is  shown  in 
Figure  3.  Although  other  high  level, 
narrowband  frequencies  do  exist  in  the  data, 


they  are  not  harmonically  related  to  the 
fundamental.  Ihie  to  the  preliminary  nature 
of  these  schedules,  these  frequencies  were 
arbitrarily  eliminated  since  their 
authenticity  could  not  be  determined — the 
data  were  received  for  processing  so  long 
after  the  flights  that  there  was  no  way  to 
trace  through  the  instrumentation  system  to 
validate  the  data  source. 


The  expected  result  of  this  helicopter 
study  is  a  program  to  instrument  and  fly 
these  helicopters  again  and  to  ensure  that 
sufficient  and  unquestionable  data  are 
acquired.  However,  it  is  again  felt  that 
significant  advancements  in  analysis 
techniques  have  been  made  on  development  of 
helicopter  vibration  teat  schedules. 

SHOCK  AND  VIBRATION  DATA  BASE 

Numerous  laboratory  vibration  test 
schedules  have  been  developed  through 
methodology  investigations  in  recent  years 
for  both  the  cargo  vehiclea  and  combat 
vehicles  in  the  Army's  inventory. 
Additionally,  many  road  shock  and  vibration, 
rail  impact,  drop  and  firing  shock  tests  have 
been  conducted  on  a  wide  variety  of  vehicles 
and  equipment  as  part  of  the  TECOM  "s 
development  and  product-improvement  testing 
missions.  As  a  result  of  these  many  efforts, 
a  large  amount  of  meaningful  data  have  been 
gathered,  processed  and  reported  to  meet  the 
specific  requirements  of  the  various 
investigations  and  tests.  With  such  a  great 
quantity  of  data  known  to  exist,  numerous 
contacts  are  being  made  by  Government 
activities,  program  manager  offices  and 
private  contractors  (involved  with 
developmental  design  for  a  Government 
contract)  to  acquire  specific  data. 
Currently,  these  data  exist  in  many  data 
files  which  must  be  researched  to  obtain  data 
for  a  specific  request.  The  goal  of  this 
ongoing  study  is  to  formulate  a  shock  and 
vibration  environment  data  base  for  the 
various  military  vehicles  and  for  equipment 
mounted  on/in  these  vehicles.  This  data  base 
will  be  upgraded  and  expanded  on  a  continuous 
basis  to  provide  the  most  current  information 
available  on  this  dynamic  environment. 

EXAGGERATION  FACTORS 

The  development  of  laboratory  simulation 
schedules  for  vibration  tests  often 
necessitates  the  compressing  of  time  by  means 
of  increasing  laboratory  input  stress  values 
(accelerated  testing)  beyond  those  actually 
measured  under  field  use  conditions.  This 
procedure  assumes  fatigue  to  be  the  cause  of 
structural  damage  and  has  been  well  defined 
by  Miner's  Theory.  This  accelerated  testing 
procedure  has  been  used  for  numerous  years  by 
the  USACSTA,  other  AMC  installations  and 
private  contractors.  There  have  been 
occasions  when  the  field  stress  multiplier 
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value  (derived  from  Miner' a  Theory) 
(exaggeration  factor)  has  been 

questioned — should  it  be  1.25,  2  or  some 
other  value.  There  has  been  no  apparent 

effort  to  thoroughly  research  the 

establishment  of  such  a  cumber.  This 

Investigation  is  providing  the  necessary 

research  and  will  establish  the  maximum 

exaggeration  factor  that  should  be  used  in 
developing  laboratory  vibration  test 
schedules  from  field  data. 


vibration  exciters  or  shook  machines  and  will 
provide  these  data  to  USAWSKR  for  their  use 
in  the  following  study. 

RAIL  IMPACT  SIMULATION  OH  HYDRAULIC  EXCITERS 

The  USAWSMR  study  will  utilise  the  rail 
impact  data  provided  from  the  previously 
mentioned  study  to  develop  laboratory 
simulation  of  the  rail  impact  environment  on 
their  large  hydraulic  exciter  system. 


Future  Plans. 


COMBAT  VEHICLE  SCEHERIOS 


Although  several  investigations  have  been 
finalised,  several  others  have  recently  been 
completed  and  are  undergoing  final  review, 
and  still  others  are  ongoing,  many  more 
investigations  remain  as  a  part  of  the  TECOM 
Plan  of  Action.  This  section  of  the  paper 
will  identity  these  future  efforts. 

MW  VEHICLE  VIBRATION  TEST  SCHEDULES 

The  cargo  bed  and  installed  equipment 
vibration  environments  of  the  military  ground 
vehicles  (cargo  and  combat)  currently  in  the 
Army's  inventory  either  have  been  or  are 
being  measured  and  translated  into  laboratory 
vibration  test  schedules.  New  vehicles, 
however,  continue  to  be  developed;  and  in 
order  to  keep  the  laboratory  test  schedules 
current,  the  vibration  characteristics  of  the 
new  vehicles  need  to  be  measured  and 
translated  into  revised/new  laboratory 
vibration  test  schedules  for  secured  cargo 
and  installed  equipment.  Without  maintaining 
current  and  accurate  laboratory  vibration 
schedules,  the  vibration  testing  consunity 
cannot  contirue  to  accomplish  the  most 
realistic  testing.  This  investigation  will 
measure  the  secured  cargo  and/or  installed 
equipment  vibration  environment  under  field 
conditions  for  new  military  cargo  transport 
trucks,  trailers,  semitrailers  or  combat 
vehicles,  and  update  the  current  laboratory 
vibration  test  schedules  used  for  simulation 
testing. 

RAIL  IMPACT  SIMULATION 

There  are  Instances  where  the  shock 
environment  associated  with  rail  impact 
testing  could  be  simulated  under  controlled 
laboratory  conditions,  thiB  eliminating  the 
need  for  actual  railcars,  locomotive  and 
locomotive  crew;  such  could  be  a 
cost-effective  means  of  testing  but  is 
dependent  upon  the  else  of  the  item  and  the 
capacity  of  the  laboratory  similation  system 
(e.g.,  hydraulic  vibration  system).  With 
more  lydraullc  systems  now  available,  it  has 
become  desirable  to  develop  laboratory 
similation  schedules  for  rail  impact  testing. 
In  order  to  do  eo,  data  are  required  from 
actual  rail  impact  tests.  This  Investigation 
will  acquire  the  necessary  data  to  develop 
laboratory  shock  test  schedules  for 
simulating  rail  impact  on  electrodynamic 


The  new  laboratory  vibration  test 
schedules  for  ammunition  and  installed 
equipment  in  combat  vehicles  are  the  complex, 
or  swept  narrowband  random-on-  random,  spectra 
reflecting  the  amplitudes  and  frequencies 
that  have  been  determined  to  be  dependent  on 
the  vehicle  ground  speed.  The  new  schedules 
are  based  on  minimal  scenario  information 
that  has  been  obtained  relating  to  combat 
vehicle  operations.  Since  refinements  are 
being  made  in  digital  vibration  controller 
software,  improvements  need  to  be  made  in  the 
test  schedules  by  weighting  these  schedules 
based  on  more  realistic  vehicle 
speed /duration  relationships.  The  objective 
of  thiB  study  is  to  define  the  movement 
scenarios  (speeds,  durations  and  terrain)  of 
combat  vehicles  in  order  to  upgrade  existing 
laboratory  vibration  test  schedules  plus 
utilise  this  information  in  development  of 
future  schedules. 

SHOCK  SCHEDULES  POR  INSTALLED  EQUIPMENT 

Although  test  specifications  define  shock 
pulses  to  be  used  in  laboratory  shock  testing 
of  equipment  installed  in  military  ground 
vehicles,  there  is  a  lack  of  any  known 
correlation  between  the  specified  shock 
pulses  and  the  shock  environment  which  exists 
under  field  operating  conditions.  In  order 
to  adequately  simulate  this  field  shock 
environment,  the  environment  must  be  measured 
and  analyzed  and  then  proper  laboratory 
pulses  and  test  procedures  mist  be  developed 
to  sinulate  this  field  environment.  This 
investigation  will  measure  the  shock 
environment  for  installed  equipment 
(including  amminition  in  the  vehicles)  in  all 
military  ground  vehicles  and  translate  these 
environments  into  realistic  laboratory  test 
schedules. 

VIBRATION  CONTENT  OF  TRACKED 
VEHICLE/HELICOPTER  DATA 

The  complex  random  vibration  test 
schedules  which  have  recently  been  developed 
for  tank  and  self-propelled  artillery 
ammunition  and  installed  equipment  have  been 
characterized  as  a  sweeping  narrowband 
random-on-broadband  random  spectrum. 
Concerns  have  been  expressed  that  the 
narrowband  random  environment  is  not  random 
but  might  perhaps  be  sinusoidal  in  nature. 
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Similarly,  existing  helicopter  vibration  test 
schedules  consist  of  four  sinusoidal 
frequencies  superimposed  on  a  broadband 
random  vibration  environment.  Based  on  the 
preliminary  helicopter  schedules  discussed 
earlier  in  this  paper,  concern  has  again  been 
expressed  by  some  that  the  sinusoidal  portion 
of  the  spectrum  is  not  simsoidal  but  might 
perhaps  be  random  in  nature.  This 

Investigation  will  be  conducted  to  further 
examine  and  define  the  nature  of  these  two 
environments . 

ARMAMENT  FIRING  SHOCK  SCHEDULES 

A  significant  shock  environment  for 
combat  vehicles  occurs  during  the  firing  of 
the  main  armament.  For  the  vehicle  to  remain 
completely  operational,  equipment  mounted  in 
and  on  the  vehicle  must  be  capable  of 
withstanding  this  shock  environment.  To 
verify  this  by  actual  firing  the  armament 
Dimerous  times  becomes  cost  prohibitive,  this 
the  neod  for  laboratory  simulation.  There  is 
presently  no  known  laboratory  simulation 
schedules  for  this  shock  environment.  This 
study  will  measure  the  shock  levels  at 
equipment  locations  in  and  on  combat  vehicles 
that  result  from  main  armament  firing  and 
develop  realistic  laboratory  shock  similation 
schedules  from  these  data. 

Shock  Test  Schedules  Similating  Ballistic 
Impact. 

Another  shock  environment  which  exists  in 
combat  vehicles  is  the  resultant  shock  from 
ballistic  impacts.  For  the  vehicle  to  remain 
completely  operational,  the  equipment  mounted 
in  the  vehicle  must  be  capable  of 
withstanding  this  shock  environment.  To 
verify  thia  by  actually  firing  projectiles 
into  a  vehicle  is  time-consuming  and  not  cost 
effective;  laboratory  simulation  can  often  be 
used.  There  are  currently  no  laboratory 
simulation  schedules  for  this  shock 
environment.  The  goal  of  this  study  is  to 
measure  the  shock  levels  at  equipment 
locations  in  and  on  combat  vehicles  that 
result  from  ballistic  impacts  and  to  develop 
realistic  laboratory  shock  simlation 
schedules  from  these  data. 

VALIDATION  OF  HELICOPTER  VIBRATION  SCHEDULES 

This  study  will  be  conducted  following 
the  development  of  the  helicopter  vibration 
test  schedules  that  ia  currently  ongoing.  As 
there  will  be  new  schedules,  efforts  will 
need  to  be  made  to  validate  them.  The 
objective  of  this  study  is  to  utilize  typical 
items  mounted  on/in  helicopters  for 
validation  of  the  new  test  schedules  by 
measuring  both  the  real  world  and  the 
laboratory  testing  responses  and  comparing 
the  same . 


DETERMINATION  OF  REALISTIC  DROP 
TEST  PROCE 1URES 

Drop  testing  has  been  utilized  for  many 
years  by  testing  agencies  as  a  cost  effective 
means  of  verifying  that  various  accidental 
drops  of  packaged  and  unpackaged  materiel 
will  not  render  that  materiel  unserviceable 
or  unsafe  for  further  handling.  The  present 
test  procedures  and  schedules  have  been 
existent  for  over  15  years,  and  the  rationale 
for  them  has  been  obscured  with  time. 
Additionally,  new  size  vehicles  have  become  a 
part  of  the  Amy's  invento-y  and  new  handling 
procedures  are  being  used.  For  all  of  these 
reasons,  the  scenario  needs  to  be  redefined 
in  order  to  provide  the  most  realistic  drop 
tests  and  procedures.  This  study  will  define 
the  various  parameters  associated  with  these 
accidental  drops  (i.e.,  height,  surface, 
orientation)  measure  the  shock  levels 
associated  with  these  various  drops  as 
required,  and  translate  these  environments 
into  realistic  laboratory  drop  schedules  and 
procedures. 

Relationship  of  Test  Courses  to  Real  World 
Terrain. 

Laboratory  vibration  test  schedules  are 
developed  from  data  obtained  during  operation 
of  vehicles  on  prepared  test  courses  such  as 
those  in  USACSTA's  Munson  and  Perryman  Test 
Areas.  These  particular  courses  (as  well  as 
several  others)  have  been  in  existence  for 
well  over  50  years, and  the  rationale  behind 
their  characteristics  has  become  obscured 
with  time.  In  order  to  continue  to 
develop/upg"ade  laboratory  vibration  test 
schedules  to  meet  the  thrust  of  test  realism, 
the  relationship  of  prepared  test  courses  to 
real  world  terrain  needs  to  be  determined. 
This  determination  will  address  factors  such 
as  profile  and  length  comparisons,  will 
provide  the  relationship  of  prepared  test 
courses  to  the  real  world  terrain,  and  will 
utilize  this  information  for  upgrading 
laboratory  sinulated  vibration  test  schedules 
based  on  scenario  information. 

EXPANSION  OF  DIGITAL  VIBRATION 
CONTROL  SYSTEM  CAPABILITIES 

The  continuing  investigation  efforts 
since  1980  to  develop  more  realistic 
laboratory  vibration  test  schedules  has  lead 
to  the  replacement  of  swept  sine  vibration 
testing  with  complex  random  schedules  (shaped 
and  swept  narrowband  random-on-broadband 
random).  As  efforts  continue  along  these 
lines,  both  for  ground  vehicles  and 
helicopters,  the  need  to  fUlly  develop  the 
capabilities  of  ths  digital  control  systems 
used  in  test  laboratories  has  been 
identified.  This  development  is  essential  to 
tracked  vehicle  vibration  sioulation  where 
the  frequency /amplitude  relationship  is  both 
harmonically  related  and  ground-speed 
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dependent.  In  order  to  reproduce  these 
relationships  in  the  best  possible  Banner  in 
test  laboratories,  the  control  systeas  oust 
be  expanded  to  the  Units  of  their 
capabilities.  This  study  is  designed  to 
ensure  vibration  controller  software  and 
hardware  are  expanded  to  the  aaximim 
capability  of  the  system  in  order  to  upgrade 
current  test  schedules  for  improved  realisn 
in  testing. 


SUMMARf 


The  Plan  of  Action  adopted  by  the  TECOM 
Shock  and  Vibration  Technical  Comnittee  in 
1978  contained  13  separate  investigations 
(one  dealing  with  the  dynamic  response  of 
hi  man  simulators  was  ultimately  dropped  from 
the  plan).  As  the  wheels  of  progress  in 
conducting  these  investigations  started  to 
turn,  the  committee  continued  for  several 
years  to  identify  additional  areas  that 
needed  investigation.  The  original 
13-inveatigation  plan  became  12  (when  the  one 
was  dropped)  and  from  there  has  grown  to  27 
investigations.  Eight  investigations  have 
been  finalised;  three  have  recently  been 
completed  and  the  reports  are  being  staffed; 
and  another  four  are  currently  ongoing.  This 
leaves  another  12  yet  to  be  started. 

The  advancements  that  have  been  made  have 
resulted  in  new  laboratory  vibration  teat 
schedules  being  developed  for  wheeled  and 
tracked  vehicles,  both  cargo  and  combat,  that 
are  considered  to  be  more  realistic 
representations  of  the  real  world 
environment.  Some  of  these  schedules  have 
found  their  way  into  MIL-STD-810D;  many  more 
ere  found  in  the  TEC  OH  International  Teat 
Operation  Procedure  1-2-601;  and  these 
schedules  are  gaining  international 
acceptance  in  the  ongoing  test 
standardization  efforts.  As  more  of  these 
investigations  are  completed,  the  results 
will  find  their  way  into  updated  Military 
Standards  and  TECOM  Teal  Operation 
Procedures.  This  overall  massive  effort  has 
started,  and  will  continue,  to  update 
laboratory  similation  test  schedules  for  the 
dynamic  environments  of  vibration,  bounce  and 
drop.  The  plan  is  a  dynamic  one  and  has 
grown  and  changed  over  the  years;  and  it  will 
continue  to  change  and  grow  as  new  horizons 
come  into  view. 
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September  1986 


Figure  1 .  Cargo  Transportation  Scenario 
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Figure  2.  Shaped-Random  Laboratory  Vibration  Schedule 


UH-60  HEAVY  AVIONICS  VERTICAL  (PRELIM) 


oeptember  1 986 


TABLE  1 .  FLIGHT  SCENARIO 


Percentage 
of  Flight 


Group 

Events 

Time  t 

1 

Takeoff,  hover,  landing 

13 

2 

Level  flight,  maxiaim  speed 

57 

3 

Maneuvers  (turns,  ascend, 

30 

descend,  Hap-of-the-Earth 

Flight  (EOE)) 

The  UH-60A  events  that  met  the  group  requirements  were  as  follows: 

Group  1  Combat  landing  (2  events)  -  no  other  data  available. 

Group  2  Level  flight  at  maximum  speed  (1  event)  -  130-knot  airspeed. 

Group  3  Maneuvers  (3  events)  -  right  turn,  left  turn  (both  at  130 
knots),  EOE. 
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September  1966 


TABLE  2.  DETERMINATION  CP  WEIGHTING  PACTORS  (90 -MI  NOTE  SCEHARIO) 


Event 

Group 


%  of 
Tine 


Scenario 

Ho.  of  Tiae/Group, 

Events  nip 


Scenario 

Tiae /Event,  Normalised 

ain  Tiae /Event 


1 

13 

2 

12 

6 

2 

57 

1 

51 

51 

3 

30 

3 

27 

9 

1 
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THE  DEVELOWENT  OF  LABORATORY  VIBRATION 
TEST  SCHEDULES— PHILOSOPHIES  AND  TECHNIQUES 


Richard  D.  Bally 

U.S.  Army  Combat  Systems  Test  Activity  (USACSTA) 
Aberdeen  Proving  Ground,  Maryland 


This  paper  describes  the  philosophies  and  techniques 
developed  and  used  within  the  U.S.  An^  Combat  Systems  Test 
Activity  (USACSTA)  at  the  Aberdeen  Proving  Ground,  MD,  to 
derive  laboratory  vibration  teat  schedules  that  simulate 
the  field  transportation  vibration  environment  associated 
with  tactical  vehicles.  The  logical  progression  from 
acquiring  data  on  a  tactical  vehicle  over  fixed-profile 
test  courses  through  the  analysis  and  manipulation  of  the 
data  to  the  final  laboratory  schedule  of  amplitudes, 
frequencies,  and  test  times  is  covered. 


INTRODUCTION 

Materiel  used  by  the  Art qr  wist  be 
designed  to  withstand  the  vibration 
environment  normally  encountered  during 
ground  vehicle  and  helicopter  transport  as 
secured  cargo  and/or  installed  equipment 
without  losing  the  ability  to  perform  its 
intended  mission.  As  a  means  to  ensure  this, 
laboratory  vibration  tests  are  used 
extensively  in  lieu  of  the  more 
time-consuming  and  less  cost-effective 
technique  jf  loading  or  installing  equipment 
in  a  broad  array  of  vehicles  and  operating 
those  vehicles  for  appropriate  distances 
over  test  courses.  Such  laboratory  vibration 
tests  consist  of  amplitudes  at  given 
frequencies  for  stated  periods  of  time 
(hereafter  referred  to  as  test  schedules)  and 
in  the  past  have  had  little  correlation  with 
field  operations. 

This  paper,  which  is  taken  for  the  most 
part  from  the  recently  published 
International  Test  Operation  Procedure 
ITOP  1-1-050  (ref  1),  describes  the 
facilities,  scenario  information,  and 
techniques  used  within  the  U.S.  Any  Combat 
Systems  Test  Activity  (USACSTA)  at  the 
Aberdeen  Proving  Ground,  MD,  to  develop 
laboratory  schedules  that  siailate  the  field 
transportation  vibration  environments 
associated  with  tactical  vehicles. 

SCHEDULE  DEVELOPMENT  FACTORS 

Factors  that  imist  be  considered  during 
the  development  of  a  vibration  test  schedule 
include  facilities,  scenario  information, 
vehicle  speeds,  and  fatigue  considerations. 


Facilltiet 

One  of  the  primary  facility  requirements 
is  tactical  vehicles.  The  term  "tactical" 
defines  wheeled  and  tracked  vehicles  designed 
for  travel  on  paved  and  secondary  roads, 
trails,  and  cross-country  terrain  as  either 
cargo  or  combat  vehicles;  also  helicopters 
used  as  cargo  carriers  and  attack  vehicles 
are  included  in  this  definition.  Too 
vehicles  used  at  USACSTA  were  randomly  chosen 
either  from  the  USACSTA  fleet  of  test 
vehicles  or  from  those  currently  undergoing 
other  testing  at  APG.  The  only  helicopter 
tested  was  a  CH-47D  used  as  a  cargo  carrier. 
There  was  no  attempt  to  upgrade  any  of  the 
vehicles  for  our  particular  application;  to 
keep  things  as  typical  as  possible,  they  were 
vehicles  that  had  been  subjected  to  normal 
maintenance  performed  at  forward-area  motor 
pools.  The  tire  pressures  and  track  tensions 
used  were  those  prescribed  for  the  particular 
vehicle  on  the  particular  type  of  terrain. 


Another  facility  of  primary  importance  is  the 
test  courses.  At  USACSTA  the  Munson  and 
Perryman  automotive  test  courses  are  now,  and 
have  been  for  many  years,  standards.  The 
Munson  courses  are  fixed  profiles  simulating 
terrain  features  that  create  the  most  severe 
vibration  environment  that  a  tactical  vehicle 
might  encounter  in  meeting  its  transport 
requirements.  The  courses  used  were  the 
Two-inch  Vashboard,  Belgian  Block,  Radial 
Washboard,  and  Spaced  Bump  from  the  Munson 
area  and  the  Three-mile,  high-speed,  paved 
straightaway  at  the  Perryman  area.  The 
Munson  courses  depict  terrains  found  on 
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unimproved  secondary  roads,  trails,  and 
cross-country  and  mere  designed  to  provide 
profiles  that  are  not  altered  by  changing 
climatic  conditions.  This  is  important 
because  it  ensures  repeatability  among 
vehicle  tests  for  comparison  purposes.  The 
Ferryman  course,  as  its  name  implies,  is 
three  miles  of  straight,  amootl.-surface, 
bituminous  concrete  used  in  the  schedule 
development  process  for  tracked  vehicle 
operations.  Both  areas  are  described  in 
detail  in  reference  2. 

The  final  important  facility  requirement 
is  a  data  acquisition  and  analysis  system. 
Having  mn  the  gamut  from  umbilical  hook-ups 
between  the  test  vehicle  and  data  van  through 
on-board  recorders  and  W  telemetry,  USACSTA 
has  developed  an  Automated  Bata  Acquisition 
and  Processing  Technology  (ADAPT)  system 
using  Pulse  Code  Modulation  (PCM)  telemetry 
for  acquiring  the  data.  This  system  has 
proven  to  be  the  most  effective  way  of 
acquiring  and  processing  large  quantities  of 
interference- free  data.  A  description  of  the 
system  and  the  data  processing  procedures  are 
contained  in  reference  1 . 

Scenario  Information 

a.  Distance.  For  cargo  items,  the 
ground  distance  is  determined  on  the  basis  of 
transport  mileage  between  each  of  the 
designated  supply  points  occurring  between 
the  port  staging  area  (PSA  -  the  point  where 
ground  transportation  begins)  and  the  user  of 
the  item.  Figure  1  is  a  typical  cargo 
scenario  taken  from  ITOP  1 -2-601  and 
MIL-STD-810D. 

For  installed  equipment  items,  the  ground 
distance  is  determined  on  the  basis  of  the 
maintenance  schedule  for  the  vehicle  on  which 
the  equipment  is  mounted  or  on  the  basis  of  a 
designer/user  agreed  upon  repair/replacement 
schedule  for  the  particular  installed 
equipment  item.  Amnunition  in  racks  is 
considered  installed  equipment,  and  the 
ground  distance  is  based  on  user 
requirements. 

The  scenario  for  cargo  and  installed 
equipment  transported  by  helicopter  is 
generally  measured  in  time  rather  than 
distance.  The  time  begins  with  the  ground 
run-up  phase  of  helicopter  flight  and 
progresses  through  ascent,  level  flight, 
maneuvers,  and  ends  with  descent  and  landing. 
It  is  imperative  that  the  scenario 
information  for  a  given  helicopter  type 
provides  sufficient  flight  conditions  and 
corresponding  times  for  the  individual 
conditions  to  adequately  describe  the  most 
severe  vibration  environment.  For  example, 
level  flight  should  include  a  range  of  speeds 
between  minimum  and  maxima  and  the  expected 
flight  time  at  each  speed  for  a  normal 
mission  in  order  to  determine  the  most  severe 
level  flight  condition. 


b.  Ground  vehicle  type.  The  choice  of 
cargo  vehicle  is  determined  by  the  type  of 
terrain  encountered  between  the  supply  points 
and  by  the  physical  sise  of  the  cargo  items. 
As  ground  transport  progresses  from  the  PSA 
to  the  user,  the  terrain  changes  from 
milti-lane  paved  roads  to  trails  and 
cross-country,  and  vehicles  are  designed 
accordingly.  As  the  types  of  vehicles 
change,  consideration  must  be  given  to 
whether  the  cargo  will  physically  fit  in  a 
particular  type.  If  not,  that  vehicle  should 
not  be  used  to  develop  a  schedule  for  that 
particular  cargo  item. 

c.  Terrain  conditions.  As  stated  above, 
the  terrain  and  severity  of  the  vibration 
environment  changes  from  relatively  smooth 
paved  roads  through  unimproved  secondary 
roads  to  trails  and  virgin  cross-country 
profiles.  Unimproved  secondary  roads, 
trails,  and  cross-country  terrains  provide 
the  most  severe  vibration  environment  for 
wheeled  venicles,  while  hard-surfaced  roads 
provide  the  most  severe  environment  for 
tracked  vehicles. 

d.  Flight  conditions.  For  helicopters, 
vibration  severity  is  related  to  flight 
conditions.  The  vibration  environment  at  a 
given  location  in  or  on  a  helicopter  is 
affected  by  the  power  output  of  the  engine, 
the  aerodynamic  buffeting  of  the  rotor(s), 
and  atmospheric  conditions.  Table  1  lists 
the  typical  flight  conditions  for  a  cargo 
helicopter  as  determined  after  direct 
discussion  with  a  complete  flight  crew 
including  the  cargo  master. 

Vehicle  Speeds.  The  application  of  vehicle 
speeds  is  critical  to  the  severity  of  the 
vibration  environment,  the  field  transport 
time,  and  ultimately  to  the  laboratory 
vibration  test  time.  It  is  reasonable  to 
assume  that  a  vehicle  operator  under  tactical 
conditions  will  travel  at  a  maximum  speed 
consistent  with  the  terrain,  and  the  ability 
to  control  the  vehicle  and  retain 
load- restraint  integrity.  For  wheeled  cargo 
vehicles,  this  speed  usually  produces  the 
most  severe  vibration  environment  on  the 
cargo  bed,  but  thie  should  be 
determined/verified  for  each  sonedule 
development  effort. 

Vehicle  speeds  and  required  scenario 
distances  are  used  to  determine  the  field 
transport  time  from  which  the  laboratory  test 
time  is  derived.  For  tracked  vehicles,  the 
designated  convoy  speed  is  used  since  it  is 
the  speed  at  which  this  type  of  vehicle  is 
usually  operated  on  paved  roads,  which,  as 
stated  above,  constitutes  the  most  severs 
vibration  environment.  For  wheeled  vehicles, 
the  critical  speeds  vary  with  thr  types  of 
tsrrain.  If  more  than  one  ter,  iln  (test 
course)  is  used  to  simulate  the  scenario 
requirements,  the  average  of  all  oritical 
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speeds  is  used  to  determine  the  field 
transport  time. 


fatigue  and  Wear  Considerations. 

a.  Cumulative  damage  equivalence.  A 
major  cause  of  items  failing  to  perform  their 
intended  function  is  material  fatigue 
accumulated  over  a  time  period  as  a  result  of 
vibration- induced  stress.  This  cumulative 
damage  and  the  theory  involved  provide  the 
basis  fbr  choosing  vehicle-terrain 
combinations  and  for  determining  laboratory 
test  times  as  a  function  of  scenario  distance 
in  the  development  of  a  vibration  schedule. 

b.  The  particular  aspect  of  the  damage 
equivalence  theory  used  is  Miners'  Method, 
which  describes  data  curves  of  stress  versus 
number  of  cycles  (S-N)  for  various  materials. 
An  excellent  review  of  the  cumlative  damage 
theory  is  given  in  reference  3* 

c.  Terrain  severity.  Since  theory 
states  that  damage  will  occur  at  the  highest 
stress  levels,  it  follows  that  the  developed 
schedule  Bust  reflect  the  most  severe 
vibration  envlronntent.  For  wheeled  vehicles, 
this  has  been  determined  to  occur  during 
operations  on  unimproved  secondary  roads, 
trails,  and  cross-country.  Transport  over 
paved  roads  with  a  wheeled  vehicle  produces 
vibration  levels  that  are  insignificant  in 
comparison;  therefore,  that  portion  of  a 
scenario  can  be  ignored  for  schedule 
development  purposes. 

On  the  other  hand,  paved  roads  provide  the 
most  severe  vibration  levels  in  a  tracked 
vehicle  because  of  the  relatively  constant 
impact  of  the  track  blocks  on  the  hard 
surface.  Hard-packed  gravel  or  dirt 
secondary  roads  will  produce  levels  nearly 
equivalent  to  paved  roads;  but  in  temperate 
climates,  secondary  roads  do  not  retain  their 
hard  packed  surfaces  for  any  appreciable 
length  of  time,  and  therefore,  the  scenario 
times  on  those  types  of  courses  are 
discounted.  However,  for  tracked  vehicles 
designed  primarily  for  operational  scenarios 
in  desert  or  arctic  climates  where  the 
unpaved  road  surface  is  consistently  hard 
packed,  such  terrains  should  be  used.  At 
this  time,  however,  no  scenario  information 
is  available  for  these  types  of  operations. 
Consequently,  only  the  paved  road  portion  of 
a  tracked  vehicle  scenario  is  relevant  to 
schedule  development  for  that  type  of 
transport. 


d.  Exaggeration  factor.  The  cumulative 
damage  theory  affects  the  laboratory  teat 
time  through  the  use  of  an  exaggeration 
factor.  As  previously  mentioned,  it  is 
normally  not  practical  to  test  equipment  by 
transporting  it  in  or  on  vehicles  on  a 
real-time  basis.  To  compress  the  many  hours 


of  field  environment  into  an  equivalent 
laboratory  test  requires  a  relationship 
between  time  and  vibration  level.  Since 
stress  is  proportional  to  vibration  level,  it 
is  possible  to  apply  the  emulative  fatigue 
damage  hypothesis  and  relate  number  of  cycles 
(or  time)  at  one  amplitude  level  to  an 
exaggerated  level  for  a  fewer  number  of 
cycles.  For  random  vibration  environments, 
this  relationship  is  defined  as: 
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in  which: 

*  real  tin»  amplitude  (G/H») 

^2  ”  laboratory  test  amplitude  (G/Hs) 

Tj  »  real  time 

T2  •  laboratory  test  time 

b  *  9  (generally  used  endurance 
curve  constant) 

n  -  2-4  (generally  used  stress 
damping  constant) 


The  ratio  of  to  W2  becomes  the 
exaggeration  factor.  For  factors  greater 
than  1,  the  laboratory  test  time  is  reduced; 
and,  conversely,  for  factors  less  than  1 ,  the 
laboratory  time  is  increased. 

Caution  nuat  be  exercised  in  using  this 
exaggeration  factor.  It  appears  foolish  to 
attempt  to  compress  test  time  to  the  point 
that  the  increased  amplitude  will  exceed  the 
yield  or  ultimate  strength  of  the  aiaterial. 
Reference  3  suggests  limiting  the 
exaggeration  of  test  levels  so  as  not  to 
exceed  the  ratio  of  ultimate  strength  to 
endurance  strength  of  the  material  being 
tested.  In  an  attempt  to  determine  a  maximum 
exaggeration  value,  a  search  was  conducted  of 
the  mechanical  properties  of  25  metals  that 
have  been  used  most  often  in  a  large  variety 
of  test  items  (ref  4).  The  ratios  of 
ultimate  stress  (U)  to  the  elastic  limit  (T) 
and  ultimate  stress  (U)  to  the  endurance 
limit  (EH)  were  calculated  for  each  of  the 
metals  and  averaged,  producing  values  of 
U/X  ■  1.37  and  U/EN  »  2 .73.  These  ratios 
were  then  averaged,  producing  a  value  of 
2.08  (see  table  2).  Based  on  this 
information,  the  value  of  2  is  suggested  as 
the  maximum  limit  for  exaggeration  factors. 


This  approach  is  based  upon  a  combination  of 
experience  and  seme  valid  assumptions. 
Experience  has  shown  that  equipment  is 
designed  so  that  its  structural  integrity 
lies  above  the  endurance  limit  of  the 
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material  because  fatigue  failures  do  occur  in 
the  field.  It  is  known  that  items  are  not 
designed  at  the  ultimata  limit  of  the 
material,  however,  because  these  failures  do 
not  occur  on  the  first  vibration  cycle. 
Assuming  that  equipment  is  designed  so  that 
its  structural  characteristics  lie  somewhere 
in  the  midpoint  region  between  the  endurnnce 
and  elastic  limits  (see  figure  2),  splitting 
the  approximate  difference  would  produce  a 
value  of  2  which  thus  lends  credence  to  the 
use  of  2  as  the  maxlmim  exaggeration  factor. 

Exaggeration  factors  for  materials  whose 
fatigue  characteristics  are  unknown  or  for 
failure  mechanisms  other  than  fatigue  (such 
as  loosening  of  threaded  connections)  cannot 
be  calculated.  Heal  time  test  levels  and 
durations  should  be  used  in  these  instances 
unless  there  is  sufficient  information  about 
the  particular  application  to  allow  the  use 
of  a  reasonable  exaggeration  factor. 

VEHICLE  PREPARATION  FOR  DATA 
ACQUISITION— CARGO 

Specific  Load.  If  the  load  and  tie-down 
method  are  specified,  no  further  instructions 
are  necessary;  the  specifications  will  be 
followed. 

General  Cargo  Simulated  Load.  For  general 
applications  when  loads  and  tie-down  methods 
are  not  specified,  typical  cargo  packages 
should  be  chosen.  These  shcv',d  be  boxes, 
drums,  or  cartons  designed  to  provide  a 
simulated  load  that  covers  as  ouch  of  the 
cargo  bed  as  possible  consistent  with  the 
tie-down  method  and  that  weights  the  vehicle 
with  approximately  755^  of  ite  rated  payload. 
This  weight  limitation  ia  a  somewhat 
arbitrary  figure  that  ia  based  on  a  study 
that  discovered  that  in  the  field,  load 
weights  varied  bit  tended  to  he  at,  or  near, 
full  load.  Anotner  study  revealed  that  the 
severity  of  the  cargo  bed  vibration 
environment  was  minimal  at  fUll  load  and 
increased  dramatically  as  load  decreased. 
Based  on  these  two  studies,  the  value  of  75% 
of  rated  payload  was  chosen  to  provide  a 
degree  of  conservatism. 

Large  rigid  items  such  as  steel  plates, 
beams,  or  concrete  blocks  should  not  be  used 
as  simulated  loads  because  their  munolithic 
nature  inhibits  the  flexibility  of  the  cargo 
bed. 

Tie-down.  The  sinulatad  load  aist  be 
securely  attached  to  the  vehicle  cargo  bed 
using  steel  banding,  web  strapping,  and/or 
dunnage.  It  met  be  secure  enough  to  prevent 
impacting  between  load  and  bed  and  mat 
prevent  relative  movement  in  the  horizontal 
planea . 


Accelerometers.  Accelerometers  mat  be 
mounted  on  the  structural  members  of  the 


cargo  bed  at  locations  that  will  measure  the 
input  acceleration  forces  impart  ad  to  the 
load.  The  number  of  locations  must  be 
sufficient  to  describe  the  overall  cargo  bed 
environment.  Care  should  be  taken  to  avoid 
placing  accelerometers  on  the  relatively  thin 
steel  plate  that  comprises  most  cargo  bed 
surfaces.  This  surface,  particularly  between 
structural  members,  exhibits  high 
acceleration  levels  but  haB  very  small 
effective  mass,  this  producing  little  force 
on  the  cargo.  The  acceleration  measurements 
mat  be  taken  in  the  three  primary  axes  of 
the  bed — vertical,  transverse,  and 
longitudinal. 

VEHICLE  PREPARATION  FOR  DATA 
ACQUISITION— INSTALLED  EQUIPMENT 

Accelerometers  must  be  mounted  on  the  vehicle 
walls,  deck,  and  roof,  as  well  as  on  brackets 
and  shelves  that  are  integral  parts  of  the 
vehicle,  as  close  as  possible  to  the  point(a) 
of  attachment  of  the  existing/planned 
installed  equipment.  The  purpose  is  to 
measure  the  vibration  environment  of  the 
vehicle  at  the  input  location(s)  of  the 
installed  equipment  which  has  the  same 
configuration  as  the  equipment  which  will 
subsequently  be  used  as  a  test  item  during 
laboratory  testing.  For  instance,  if  a  piece 
of  equipment  is  mounted  on  a  bracket  in  the 
vehicle  and  that  bracket  will  not  appear  as 
part  of  the  equipment  during  subsequent 
laboratoiy  testing,  the  environment  should  be 
measured  on  the  bracket  as  the  input  to  the 
equipment. 

If  a  mounting  platform  exists  on  a  vehicle 
and  the  test  item  to  he  installed  thereon  is 
not  available,  a  model  of  the  item  with  the 
same  mass  and  center  of  gravity  should  be 
used.  This  ensures  that  the  reaction  of  the 
installed  test  item  will  be  included  in  the 
data  recorded  at  the  input  to  the  mounting 
platform.  In  all  cases,  the  measurements 
must  be  taken  in  the  three  primary  axes. 

The  difference  between  the  mechanical 
impedances  of  mountings  for  field-installed 
and  laboratory- installed  equipment  should  he 
considered,  particularly  for  relatively 
massive  items.  A  comparison  of  the  field  and 
laboratory  frequency  response  functions  is 
one  method  of  evaluating  this  difference;  and 
the  use  of  average,  extreme,  or  response 
laboratory  vibration  control  techniques  are 
considered  valid  approaches  to  minimizing  any 
impedance  mismatch. 

DATA  ACQUISITION  PROCEDURES 
Cargo  Schedules. 

a.  Attach  triaxial  accelerometers  to  the 
structural  members  of  the  cargo  bed  in  order 
to  measure  the  vibration  environment  along 
the  three  xutually  perpendicular  axes  usually 
noted  as  vertical  (V),  transverse  (T),  and 


92 


longitudinal  (L).  Normally,  these  axes  are 
relative  to  the  axes  of  the  vehicle,  i.e., 
vertical  is  up/down,  transverse  is  side /side, 
end  longitudinal  is  front/rear.  This 
notation  is  not  mandatory  but  tends  to  be 
least  confusing  to  the  overall  vibration 
testing  comaunity. 

b.  Check  the  tie-down  system  to  ensure 
security  of  the  load. 

c.  Sun  a  syatens  check  of 
instrumentation,  and  perform  the  necessary 
calibrations. 

d.  Operate  the  vehicle  at  the  prescribed 
speed(s)  over  the  designated  fixed  profile 
courses,  and  record  toe  data. 

Installed  Equipment  Schedules. 

a.  Attach  trlaxlal  accelerometers  at  the 
actual  or  proposed  vehicle-installed 
equipment  interface  points  to  measure  the 
input  to  the  equipment  as  it  will 
subsequently  be  tested  in  the  laboratory. 
Orient  the  accelerometers  to  measure  data  in 
the  V,  T,  and  L  axes  as  described  above. 

b.  Sun  a  syatens  check  of 
instrumentation,  and  perform  the  necessary 
calibrations. 

c.  Operate  the  vehicle  at  the  prescribed 
apeed(s)  over  the  designated  fixed  profile 
courses,  and  record  the  data. 

DATA  REQUIRED 

Care  must  be  taken  when  recording  data  to 
ensure  that  it  can  be  correlated  with  any 
data  taken  during  previous  tests  of  the  same 
type  of  vehicle.  Parameters  such  as  sampling 
rate  and  filtering  will  affect  the  ability  to 
conpare/comblne  environments  during  analysis. 
The  analysis  filter  bandwidth  is  particularly 
important;  comparing/combining  different  data 
sets  must  be  done  using  the  same  analysis 
filter  bandwidth.  The  following  data  mat  be 
obtained: 

a.  An  accurate  log  of  accelerometer 
locations  and  orientations. 

b.  An  accurate  log  of  test  courses  and 
speeds. 

c.  Recorded  data  in  terms  of 
acceleration  amplitudes  versus  time  for  time 
Intervals  sufficient  to  ensure  accurate 
analysis. 

d.  Graphic  representation  (photographs, 
sketches,  etc.)  of  the  cargo  load/installed 
equipment  mounting  configuration. 

DATA  PRESENTATION 


bats  Characteristics.  Past  teals  and  studies 
concerned  with  analysing  vehicle  vibration 
data  have  resulted  in  »  following 
conclusions: 

a.  Wheeled  vehicle  vibration  data  can  be 
best  simulated  by  using  wideband  random 
techniques. 


b.  Tracked  vehicle  vibratio  i  exhibits  a 
wideband  random  threshold  wi'  h  superimposed 
high  level  random  amplitudes  at  frequencies 
that  are  integer  miltiples.  The  frequencies 
of  these  higher  level  data  are  created  by  the 
interaction  between  the  tracks  and  the  hard 
road  surface,  and  they  are  proportional  to 
vehicle  speed.  This  proportion  can  be 
described  as  follows: 

f  -  0.28v 
P 

in  which: 

f  ■  frequency  (Hs) 
p  *  track  pitch  (m) 
v  “  velocity  (km/h) 

c.  Cargo  helicopter  data  are  wideband 
random  with  superimposed  high  level  random 
amplitudes  occurring  at  the  harmonically 
related  frequencies  that  are  associated  with 
the  rotating  helicopter  components. 

Combined  Data. 

a.  Cargo.  It  is  lmpractioal  to  use  an 
actual  "chicle  oargo  bed  as  a  mounting 
platform  in  the  laboratory.  Therefore,  a 
(.sailer  fixture  mist  be  designed  to  perform 
this  function.  This  simulated  orrgo  bed 
precludes  placing  control  acoelerometers  at 
the  same  locations  used  on  the  vehicles 
during  the  acquisition  of  field  data.  It 
remains  then  to  combine  the  data  from  each 
field  test  location  into  a  single  set  of  date 
that  represents  the  entire  cargo  bed 
environment  along  each  of  the  mutually 
perpendicular  axes  (V,  T,  L). 


Further  data  combining  is  required  when  more 
than  one  fixed  profile  oourse  is  used  to 
describe  the  scenario  terrain  for  wheeled 
vehicles.  In  this  case,  the  data  describing 
the  entire  oargo  bed  from  each  course  are 
combined  to  provide  a  single  set  of  data  for 
each  axis  that  represents  the  required 
terrain  environment  for  a  given  vehicle. 

The  final  combining  of  data  occurs  if  it  is 
required  to  combine  the  individual  data  sets 
from  each  of  a  series  of  similar  vehicles  in 
order  to  develop  a  schedule  for  an  entire 
vehicle  classification.  Reference  4 
describes  the  procedures  for  this  combining 
of  locations,  courses,  and  vehicles. 
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For  cargo  halicoptara,  this  additional 
combining  ia  required  to  eneoapaea  the 
different  flight  conditiona  involved  in  a 
typical  scenario.  Reference  1  describes  a 
technique  that  combines  flight  conditions  on 
a  weighted  basis,  i.e.,  the  contribution  of 
each  flight  event  to  tfca  final  composite 
echodule  was  based  on  the  percentage  of  tiae 
those  events  occurred  during  the  scenario 
night. 


b.  Installed  Equipaent.  Developing  a 
schedule  for  equipaent  already  installed  in  a 
particular  vehicle  noraally  will  not  require 
the  combining  of  data  channels/locations. 
Most  equipaent  Js  snail  enough  to  require  a 
minimal  number  of  locations  which  can  be 
duplicated  on  a  laboratory  test  fixture. 
However  developing  more  general  schedules  for 
vehicle  internal  and  external  surfaces  that 
will  subsequently  become  mounting  platforms 
for  Installed  equipment  (hill  and  turret 
walls,  decks,  roofs,  etc.)  requires  aany 
data  acquisition  locations,  even  more  than  on 
cargo  beds.  It  would  be  extremely 
impractical  to  develop  a  schedule  for  each 
location.  The  data  from  each  location  mist 
therefore  be  examined  and  statistically 
compared  in  order  to  determine  the 
feasibility  of  combining  them. 

Tbs  statistical  parameters  used  to  compare 
the  data  include  the  overall  root  mean  square 
(DMS)  acceleration  values  for  each  channel, 
the  mean  and  standard  deviation  of  these 
values,  and  the  confidence  level  pertinent  to 
the  choice  of  using  the  mean  overall  RMS 
value  as  the  comparison  factor.  This 
comparison  will  control  the  number  of 
schedules  required  to  adequately  describe  the 
vibration  environment  in  and/or  on  a  given 
vehicle,  and  obviously  this  umber  should  be 
a  minimum. 

Data  Processing.  The  first  step  in  the  data 
handling  process  is  to  ensure  the  Integrity 
of  recorded  time/amplitude  data  from  tbs  test 
courses,  i.e.,  the  data  must  be  free  of 
noise,  signal  loss,  etc. 

Once  good  data  are  assured,  the  second  step 
is  to  make  the  conversion  from  the  time 
domain  to  the  frequency  domain  in  the  form  of 
power  spectral  density  (PSD)  measured  in 
Q2/Hb  versus  frequency.  A  PSD  curve  for  each 
data  channel  should  be  computed,  plotted,  and 
checked  as  a  final  teat  of  data  integrity. 

The  third  step  involves  combining  data 
channels  and  locations,  if  required.  The 
best  method  for  accomplishing  this  is  by 
using  electronic  data-processing  techniques, 
as  described  in  reference  2. 

At  this  stage  in  data  presentation,  plots  of 
G‘/Hz  versus  frequency  have  been  made  for 


each  Individual  data  channel  or  for  composite 
data  resulting  from  combined  channels. 

Tbs  final  step  in  data  presentation  retires 
converting  these  PSD  curves  to  a  ser.  .j  of 
break  points  suitable  for  programming 
laboratory  vibration  oontrol  instrumentation. 
A  break  point  is  defined  as  a  given  QZ/Hs 
amplitude  at  a  given  frequency.  A  series  of 
break  points  connected  by  straight  lines 
becomes  the  acceleration  amplitude  frequency 
portion  of  a  laboratory  schedule.  Figures  3 
and  4  are  typical  plots  of  wheeled  and 
tracked  vehicle  break  points. 


SCHEDULE 

The  break  point  data  and  test  time  derived 
from  tbs  vehicle  speed,  scenario  distance, 
and  exaggeration  factor  (if  required) 
comprise  a  laboratory  vibration  test 
schedule. 

Reference  2  contains  the  procedures  and 
instrumentation  used  by  U3AC3TA  for 
developing  some  oi  the  secured  oargo  and 
installed  equipment  laboratory  vibration 
schedules.  It  is  taken  from  a  USAC3TA  report 
and  is  included  in  the  referenoe  as  a  typical 
example  for  application  of  the  information 
contained  in  this  paper.  In  the  Interest  of 
brevity,  examples  of  data  plots  for  the  oargo 
schedules  were  limited  to  the  vertical  axis 
only;  and  those  for  the  installed  equipment 
are  not  included. 

SIMM  ART 

The  process  of  translating  field  vibration 
data  into  realistic  laboratory  vibration  test 
schedules  requires  a  lot  oi  up-front  planning 
to  ensure  all  of  the  proper  data  in 
sufficient  quantity  are  collected  during 
field  operations.  The  operational  soanerio 
for  the  materiel  mist  be  established  in  order 
to  produce  tbs  duel  red  realism  in  the 
laboratory  test  As  can  be  seen,  it  is  not  a 
prooess  of  merely  taking  a  few  measurements 
and  reducing  the  data.  It  is  a  process  which 
requires  a  lot  of  kn  ledge  about  the  item 
and  its  Intended  use  if  realistic  laboratory 
testing  is  to  be  oonduct  id.  This  paper  has 
briefly  addressed  eaoh  area  which  is  Involved 
or  addressed  by  the  U.3.  Army  Combat  Systems 
Test  Activity  in  developing  laboratory 
vibration  test  schedules. 
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Figure 
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Sept ubir  *906 


TABI.C  1 .  HHLIC0PTI8  PLIGHT  COiMTIOHS 


Event  Ho* 


Event  Description 


1  Ground  run-up 

2  In-ground  a  f fact  (IQE)  hovar 

3  Out-of-ground  effect  (OGE)  hovar 

4  Cl  lab  -  80  knota  lndioatad  air  apaad  )KIA3 ) ,  500  tom 

5  Laval  flight  -  80  KIAS  -  1000  fiat  aaan  jaa  laval  )H3L) 

6  Standard  rata  turn  -  80  KIAS  -  1003  faat  HSL 

7  Laval  flight  -  *30  KIAS  -  1000  faat  HSL 

8  Standard  rata  tun  -  130  KIAS  -  1000  faat  HSL 

9  Laval  flight  -  0.95  To*  -  1000  that  HSL 

10  Standard  rata  turn  -  0.95  Vo*  -  1000  faat  HSL 

1 1  Laval  flight  -  80  KIAS  -  5000  faat  HSL 

12  Standard  rata  turn  -  80  KIAS  -  5000  faat  HSL 

13  Laval  flight  -  130  KIAS  -  5000  faat  HSL 

14  Standard  rata  turn  -  130  KIAS  -  5000  faat  HSL 

15  Laval  flight  -  0.95  Yu*  -  5000  faat  HSL 

16  Standard  rata  turn  -  0.95  V8#  -  5000  faat  HSL 

17  Descent  -  80  KIaS  -  500  fpw 


*VH  la  the  maxlaua  horlmontal  velocity  obtainable  without  lowing 
altitude. 
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TABLE  2.  METALS  AMD  MECHANICAL  PROPERTIES 


1.  Steal,  0.4#  C,  H.  Rolled 

2.  Steel,  Stelnleea  (18-8)  Annealed 

3.  Steel,  Stainless  (18-8)  Cold  rolled 

4.  Alua,  Cast,  195T-6 

5.  Alua,  Wrought,  2014-T4 

6.  Alua,  Wrought,  2024-T4 

7.  Alua,  Wrought,  6061 -T6 

8.  Magnesium,  Extrusion,  AL80X 
9*  Magneslua,  Sand  Cast,  AZ63-HT 

10.  Monel,  Wrought,  Hot  Rolled 

11.  Steel,  1040 

12.  Steel,  1540 

15.  Steel,  4150 

14.  Steel,  4140 

15.  Steel,  4540 

16.  Steel,  5140 

17.  Steel,  HT140 

18.  Steel,  Marage  200 

19.  Steel,  Marage  550 

20.  Alua,  Cast,  115 

21.  Alua,  Cast  555,  T61 

22.  Alua,  Cast,  224,  T7 
25*  Alua,  Caet,  A249,  T7 

24.  Cast  Iron,  Malleable 

25.  Cant  Iron,  tactile 


ELASTIC 

ENDURANCE 

LIMIT 

LIMIT 

ULTIMATE 

RATIO 

RATIO 

(T) 

(EM) 

(U) 

(U/T) 

(U/EN) 

55 

58 

84 

1.59 

2.21 

56 

40 

85 

2.36 

2.13 

165 

90 

190 

1.15 

2.11 

24 

7 

36 

1.33 

5.14 

41 

18 

62 

1.51 

3-44 

48 

18 

68 

1.42 

3-78 

40 

15.5 

45 

1.13 

3.33 

55 

19 

49 

1 .40 

2.58 

H 

14 

40 

1.00 

2.86 

50 

40 

90 

1 .80 

2.25 

60 

45 

90 

1 .50 

2.09 

65 

59 

102 

1 .62 

1.73 

65 

47 

97 

1.54 

2.06 

145 

66 

165 

1.15 

2.50 

200 

58 

222 

1.11 

3.27 

169 

82 

190 

1 .12 

2.32 

142 

70 

149 

1.05 

2.13 

215 

100 

225 

1.05 

2.25 

545 

110 

352 

1 .02 

3.20 

15 

9 

24 

1.60 

2.67 

55 

10 

39 

1.11 

3-90 

48 

12 

61 

1.27 

1 .27 

50 

11 

60 

1 .20 

5-46 

55 

28 

58 

1 .76 

2.07 

55 

30.5 

80 

1.46 

2.62 

AVERAGE  U/T  -1.57 
AVERAGE  U/EM  -  2.78 
AVERAGE  U/T  -  U/EE  -  2.06 
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LABORATORY  VIBRATION  TEST  SCHEDULES 
DEVELOPED  BEYOND  MIL-STD-810D 


Richard  D.  Bally 

U.S.  AMI  COMBAT  STSTWS  TEST  ACTIVITY  (USACSTA) 
ABERDEEN  PROVING  GROUND,  MARYLAND 


Thi*  paper  lists  tbs  documentation  and  daaorlbaa  tha 
work  that  has  been  accomplished  in  deriving  laboratory 
vibration  test  schedules  for  tactical  vehicles  sinoe  the 
introduction  of  such  schedules  in  MIL-3TD-810D. 
Approximately  20  schedules  have  been  developed  from  field 
data  acquired  on  15  different  vehicles. 


INTRODUCTION 

The  development  of  laboratory  vibration 
teat  schedules  from  real-time  field 
transportation  data  began  at  Aberdeen  Proving 
Ground  ( APG)  in  the  early  1960s.  Prior  to 
that  time  moat  of  the  laboratory  teats  were 
conducted  according  to  schedules  found  in  Air 
Pores  documents  such  as  Military 
Specification  MIL-E-5272C  which  called  for 
swept-sine  tests  from  5  to  2000  He  at 
anywhere  from  2  to  20  j'j,  with  resonance 
dwells  of  up  to  50  minutes  in  duration.  Suah 
a  resonance  dwell  on  an  item  of  general 
equlpsMnt  was  often  more  hasardaus  than 
testing  live  ansunitinn.  Popped  rivets  and 
sheared  bolt  heads  ricocheted  around  the  teat 
oell  like  angry  hornets.  Plnally,  one  of  the 
test  sponsors,  having  had  many  of  his  test 
items  returned  looking  like  unassembled 
Christmas  toys,  requested  that  APG  measure 
tha  field  environment  of  a  particular 
vehiole/test-itea  configuration  to  determine 
if  the  vibration  levels  even  came  close  to 
those  being  used  in  the  laboratory  (if 
remembered  correctly,  it  was  a  shelter  urd 
air  conditioner  mounted  on  anNH3  chassis). 
Acquiring  the  data  on  analog  tapes  was  easy. 
Trying  to  compare  the  resulting  random  data 
(or  complex  random  as  it  was  labeled)  to 
sinusoids  was  a  different  story.  It  was 
evident  that  sinusoidal  vibration  and 
resonance  response  at  maxims  amplification 
did  not  ocour  in  the  Held.  Efforts  were 
then  channeled,  over  several  years,  toward 
improving  the  capability  to  analyse  data  to 
determine  the  real  nature  of  the  environment. 
These  efforts  progressed  slowly  through  the 
era  of  analog  recording  and  analysis 
equipment  to  the  breakthrough  of  digital  data 
ao?' tuition  systems  and  compu ter/Past  Pourler 
Transform  analysis  instrumentation.  At  the 
USACSTA,  tills  evolution  resulted  in  the 


design,  installation  and  implementation  of 
tha  Automated  Data  Acquisition  and  Prooessing 
Technology  (ADAPT)  system.  With  the  advent 
of  the  ADAPT  system,  its  library  of  more  than 
100  data  prooeeslng  and  presentation  software 
programa,  and  the  increased  a  aphasia  on  the 
importance  of  methodology  studies,  the 
development  of  laboratory  vibration  schedules 
simlating  the  field  transportation 
environment  of  taotloal  vehicles  moved 
fbrvard  rapidly. 

The  initial  efforta  along  these  lines' 
were  the  development  of  the  combined  wheeled 
vehicle,  two-wheeled  trailer  and  N548  tracked 
cargo  oarrier  laboratory  vibration  test 
schedules  for  secured  cargo  that  became  a 
part  of  NIL-STD-810D.  At  that  time,  persona 
Involved  with  the  writing  of  that  military 
standard  were  aware  that  those  particular 
schedules  were  limited  to  a  very  few  vehicles 
that  had  been  surveyed  at  USACSTA.  Inasmoh 
as  they  were  a  far  more  realistic 
representation  of  the  real-world  environment, 
the  decision  was  made  to  place  those 
schedules  into  MIL-STD-S10D  with  the 
intention  of  updating  them  through  the  use  of 
changes  to  that  standard. 

Numerous  vibration  test  schedules  have 
been  developed  sinoe  the  publishing  of 
NIL-STD-81CD.  Host  of  these  have  been,  and 
are  being,  acooaplished  under  the  U.S.  Army 
Test  and  Evaluation  Comand  (TECON) 
Methodology  program  with  the  remainder  being 
done  through  specialised  program  needs.  This 
paper  will  define  the  specific  test  schedules 
that  have  been  developed  and  the  faot  that 
they  have  been  documented. 

MIL-STD-810D.  Tbs  vehicle  data  used  to 
develop  the  secured  oargo  transport  schedules 
in  the  original  version  of  Method  514*3  in 
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HIL-STD-BIOD  were  taken  froa  the  1-1/2-ton 
N1052  two-wheeled  trailer,  the  5-ton  N813 
truck,  the  12-ton  N’27  aealtrailer  and  the 
6-ton  H548  tracked  cargo  carrier  aa  part  of  s 
teat  program  conducted  in  1962.  Since  then, 
data  have  been  acquired  on  15  different 
vehicles)  and  approximately  20  teat  aohedulee 
have  been  developed.  Three  of  these 
aohedulee  have  been  submitted  to  the 
HIIi-STD-BIOD  Tri-Service  Committee  for  the 
revision  of  the  two-wheeled  trailer, 
coapositr  tactical  wheeled  vehlole,  and 
tracked  vehicle  cargo  schedules. 

Sohedule  Documentation.  As  previously 
mentioned ,  the  schedules  that  have  been 
developed  this  far  were  done  aa  part  of  the 
ongoing  TEC  OH  methodology  program  or  through 
projects  designed  fer  specific 

vehicle/test-item  combinations.  Those 
resulting  froa  methodology  efforts  are  (or 
will  be)  Included  in  Test  and  Evaluation 
Comaand  International  Teat  Operations 
Procedure  (ITOP)  1-2-601  (ref).  This 

document  is  rapidly  becoaing  a  standard  for 
laboratory  vibration  testing  concerned  with 
military  tactical  vehicles.  Aa  stated  in  its 
scope  definition,  it  is  a  dynamic  document 
and  is  constantly  being  changed  to  Include 
new  and  updated  oargo  and  installed  equipment 
schedules.  The  highly  specialised  laboratory 
schedules  are  documented  in  the  Individual 
project  reports. 

Wheeled  Vehicle  Schedules.  In  1963,  a 
methodology  study  was  completed  which 
provided  laboratory  schedules  for  gsnsral 
purpose  cergo.  The  following  vehicle*  war* 
used  to  obtain  the  data: 

Semitrailer,  12-ton,  HI 27 

Truck,  5-ton,  N813 

Truck,  5-ton,  M814  (stretch  body) 

Truck,  2-1 /2-ton,  K16  (stretch  body) 
Truck,  1-1 /4-ton,  HI 009  Commercial 
Utility  Cargo  Vehicle  (CUCV) 
Trailer,  1/4-ton,  2-wheeled,  N416 
Trailer,  1-1 /2-ton,  2-wheeled,  N105A2 


Each  vehicle  was  loaded  to  15%  of  its  rated 
payload  with  wooden  aaminitlon  boxes 
containing  the  fiber  containers  used  to  house 
the  rounds  of  amminitios;  these  ware  filled 
with  sand  to  simulate  the  actual  box  weight. 
The  boxes  ware  secured  to  the  cargo  bed  with 
steel  banding  and  blocking,  and  they  covsrsd 
the  entire  usable  surface  of  tbs  bed. 
Trlaxial  accelerometers  were  attached  at  nine 
locations  on  the  underlying  structural  frame 
of  the  cargo  area.  The  locations  war* 
designated  aa  ourbeide,  center,  and  roadside 
at  the  forward,  center  and  aft  portions  of 
the  bed.  The  data  from  the  nine  trlaxial 
locations  were  electronically 

composited— which  resulted  in  a  single  set  of 
date  in  each  of  the  three  axes  that 
represuntsd  the  cargo  bed  environment  of  each 
vehicle.  These  data  seta  for  each  vehicle 


were  then  plotted  in  an  overlay  pattern  and 
compared.  It  was  obvious  from  the  overlay 
that  the  H105A2  trailer  vibration  anvironoent 
completely  ova.ahadowad  that  of  th*  other 
vehicles.  Sine*  these  trailers  have  a 
limited  oargo  capacity  and  a  limited  sphere 
of  operations  in  tha  field,  it  was  decided  to 
aaparat*  tbs  data  and  develop  a  schedule  for 
2-whealed  t  Teller*  and  another  for  the 
ooapoaita  of  tha  five  cargo  trucks.  Tha  work 
la  documented  in  a  methodology  report 
concerning  oargo  transported  in  wheeled 
vehicle*.  The  resulting  schedules  appear  in 
ITOP  1-2-601  and  era  tha  ones  that  have  bean 
submitted  for  inclusion  in  tha  revised 
version  of  NIL-STD-810D. 

Th*  1966  methodology  effort  has  produced, 
among  other  things,  general  oargo  aohadulaa 
for  two  additional  whaalad  vehicles,  i.e., 
th*  Truok,  1-1  /4-ton  H996  High  Mobility 
Multi-Purpose  Wheeled  Vahid*  (HMMWV)  and  tha 
10-ton  M965  Heavy  Expanded  Nobility  Tactioal 
Truck  (HJHTT) .  Th*  data  froa  these  vehicle* 
war*  acquired  in  th*  asm*  manner  aa  described 
above  and  will  soon  b*  intagrated  into  the 
existing  ooapoaita  whaalad  vehicle  schedule. 

further  sohedule  development  for  wheeled 
vehicle*  concerned  installed  equipment  (a 
separate  piece  of  equipment  which  is 
Installed  in/on  a  vehicle  and  becomes  a  part 
of  that  vehicle  to  enable  it  to  perform  th* 
intended  mission  (a.g. ,  radio)).  Schedules 
ware  obtained  for  various  component*  of  th* 
HA VST AR /Global  Positioning  Syatem  (OPS) 
mmnted  on  the  cargo  bed  and  in  the  driver's 
compartment  of  a  Coaamroial  Utility  Cargo 
Vehicle  (CUCV)  and  in  th*  oargo  bed  and  on 
th*  fender  of  a  High  Nobility  Multipurpose 
Vbeeled  Vehicle  (HMMWV).  The  laboratory 
vibration  teat  aobadulea  derived  for  this 
project  have  bean  documented  in  a  laboratory 
report;  and  th*  data  indicate  that,  froa  a 
vibration  standpoint,  tha  fender  of  a  HMMWV 
is  not  an  app-oprlate  plao*  to  nount  anything 
(except  maybe  a  cocktail  shikar). 

Tracked  Vehicle  Schedules.  A  general  oargo 
schedule  for  tha  M548  tracked  vehicle,  which 
is  th*  only  tracked  vehicle  designated  as  a 
cargo  carrier,  was  also  developed  during  th* 
1963  methods  ogy  study.  It  is  included  in 
ITOP  1-2-601  and  waa  submitted  for  tha 
MIL-ST&-810D  revision. 

Schedules  for  equipment  installed  in 
tracked  vehicles  fell' into  two  eatagoriec: 
first,  aawnltion  carried  in  racks 
specifically  dealgsad  for  that  ammunition  and 
mounting  locations;  and  second,  general  iteas 
that  are  or  will  he  mounted  elsewhere  in  the 
vehicle. 

The  initial  schedules  developed  for  thie 
inatalled-equipaent  effort  ware  for  1 20-ma 
aaainition  transported  in  the  hill  and  turret 
racks  of  th*  XN1  Tank.  This  was  accomplished 
aa  part  of  the  rack  development  phase  for 
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this  vehicle;  and  schedules  were  derived  for 
both  the  "A"  and  "B"  versions  lit  were  not 
Included  in  any  general  documentation.  When 
the  rack  design  was  finalised,  a  methodology 
program  was  formalised  to  study  not  only  the 
120-mm  amminltlon  In  the  H1A1  tank  hut  also 
the  rack-mounted  1 05 -am  ammunition  In  the  HI 
and  H60A3  tanks.  The  hill  and  turret  areas 
of  all  three  tanka  were  Instrumented 
trlaxlally  at  each  rack  Interface  with  walls, 
decks,  and  roofs.  The  results  of  the  study 
were  a  achedule  for  120-mo  amounition 
installed  in  the  H1A1  tank's  hill  rack  (which 
experienced  the  most  severe  vibration  Input 
of  all  the  racks  In  that  vehicle)  and  a 
schedule  fbr  105-mm  rounds  installed  in  the 
HI  tank's  hill  rack.  A  comparison  of  the 
overall  acceleration  values  at  the  input  to 
each  rack  located  in  the  HI  and  H60A3  tanka 
revealed  that  the  vibration  environment  in 
the  HI  hill  area  was  the  most  severe  of  all 
racks  in  both  vehicles.  These  schedules  are 
documented  in  a  formal  report  and  are 
included  in  ITOP  1 -2-601 . 

The  second  methodology  investigation  that 
was  concerned  with  ammunition  racks  dealt 
with  the  HI 09 A3  (155-bb)  self-propelled 
howltaer.  Data  were  taken  at  the  inputs  to 
the  projectile  bustle  and  deck  racks,  and  at 
the  propellant  charge  and  ammunition  round 
stowage  areas  on  the  sponsons.  Schedules 
were  developed  for  each  of  the  four 
locations.  Although  the  deck  rack  was  found 
to  have  a  more  severe  vibration  environment 
than  the  bustle  rack,  schedules  for  both 
racks  were  developed  bee  mi  so  certain 
155-mm  projectiles  do  not  fit  in  the  deck 
racks  and  are  transported  solely  in  the 
bustle. 

As  part  of  this  same  investigation  and  in 
the  Interest  of  installed  equipment  other 
than  ammunition,  data  were  acquired  at  seven 
locations  in  the  turret  and  two  locations  in 
the  hill  of  the  H109A3  and  five  locations  on 
the  H110A2  (8- inch)  self-propelled  howitser. 
The  instrumented  areas  were  chosen  for  items 
currently  mounted  in  the  vehicle  as  well  as 
to  provide  a  data  base  for  future 
installations.  The  data  from  each  location 
were  analysed  and  compared — with  the  result 
that  individual  schedules  were  developed  for 
the  turret  and  for  the  hill  of  the  H109A3  and 
for  the  trunnion,  the  gun  mount,  the  deck, 
and  the  driver's  compartment  wall  of  the 
H110A2.  The  relatively  low  variance  of  the 
overall  acceleration  values  for  each  of  the 
seven  locations  in  the  H109A3  turret  was  the 
basis  for  combining  the  data  and  arriving  at 
a  single  achedule  that  describes  the  overall 
turret  environment.  Nevertheless,  the  data 
at  each  location  is  still  available  in  the 
data  bank  for  any  test  tailoring 

applications.  The  study  made  on  these  two 
vehicles  is  described  in  a  methodology  report 
and  all  the  schedules  are  included  in 
ITOP  1 -2-601 . 


As  part  of  the  aforementioned  1986 
methodology  program,  Installed  equipment  data 
have  been  recorded  at  20  places  on  the 
H1 13  Armored  Personnel  Carrier.  The 
locations  were  chosen  to  provide  information 
on  the  overall  vibration  environment  of  the 
roof,  deck,  and  bulkheads  of  that  tracked 
vehicle.  As  in  the  oaae  of  the  H109A3 
howitser,  the  data  at  each  location  will  be 
processed  and  compared  and,  if  feasible, 
combined  to  provide  a  single  vibration 
schedule  that  described  the  entire 
H1 13  environment.  If  insufficient 

commonality  precludes  a  single  sohedule,  the 
next  approach  will  be  to  compare  and  oomblne 
the  data  to  develop  individual  schedules  for 
the  roof,  deck,  and  bulkheads.  The  work  will 
then  be  documented  in  a  forthcoming 
methodology  report  and  will  be  included  in 
ITOP  1-2-601.  In  addition  to  the  Mthodology 
studies  which  are  concerned  basically  with 
general  types  of  installed  equipment,  test 
schedules  have  been  developed  on  four  test 
projects  dsaling  with  specialised  items, 
i.e.,  a  driver's  viewer  mounted  through  the 
driver's  hatch  cover  of  the  HI  tank;  a  mine 
dispensing  system  (VOLCANO)  attached  to  the 
bed  of  the  H817  5-ton  dump  truck;  the 
applique  armor  components  on  the  turret  and 
hull  of  an  N60A3  tank;  and  the  external 
lights  mounted  foro  and  aft  on  the  H1 13 
Armored  Personnel  Carrier  (APC)  and  the 
M60A3  tank  (report  in  progress).  Although 
these  schedules  will  not  be  included  in  any 
general  documentation  such  as  ITOPe  or 
Hilitary  Standards,  they  and  the  data  used  to 
develop  then  have  been  or  will  be  reported 
and  will  be  retained  in  the  U-S.  Army  Combat 
Systems  Test  Activity  (CSACSTA)  data  bank. 


future  Projects . 


In  the  near  fliture,  as  vehicles  become 
available,  ammunition  and/or  installed 
general  equipment  schedules  will  be  developed 
fbr  the  field  Artillery  Supply  Vehicle 
(fASV),  the  H1A1  Abrams  Tank,  and  the 
H2  Infantry  fighting  Vehicle  (Bradley). 


In  addition,  plans  are  being  formulated 
to  compare  and  combine  (where  feasible)  all 
installed  equipment  data  for  both  wheeled 
vehicles  and  tracked  vehicles  in  an  effort  to 
minimise  the  number  of  schedules. 


SUNMAHY 


Much  progress  has  been  made  in  che  area 
of  developing  laboratory  vibration  test 
schedules  that  sinulate  the  field  environment 
of  tactical  vehicles  since  their  introduction 
into  MIL-STD-810D  a  short  three  years  ago. 
Much  work  remains.  As  new  sources  of 
transportation  vibration  are  developed,  it  is 
imperative  that  they  be  adequately 
investigated  and  properly  documented.  This 
overall  process  will  ensure  that  the 
nuch-needed  vibration  data  for  *sst  tailoring 
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la  readily  available  to  both  the  design  and 
the  t eating  ooamnltles. 

URHHCK 

International  Tost  Operations  Prooeduia 
(HOP)  1 -2-601 ,  Laboratory  Vibration 
So bed* lee,  AO  Ro.  A 155356,  0.3.  Any  Test  ar 
■valnation  Coaaaod .  L  erdeen  Proving  Ground, 
11  June  1106. 


106 


A  PRO Pu 3RD  TECHNIQUE  TOR  GROUND  PACKAGED  VEHICLE  LOOSE  CARGO  VIBRATION  SIMULATION 


william  h.  coneoe,  hi 
U.3.  ABET  COMBAT  STSTMS  TEST  ACTIVITT 
ABERDEEN  PRO VINO  GROUND,  MARYLAND 


This  paper  describes  a  laboratory  taat  method  uaad  to  aimilate 
packaged  items  (wooden  orataa)  being  tranaportad  aa  loosely  atorad 
cargo  In  military  (round  vehicles .  A  litaratura  aaarch  waa  oonduotad 
to  attaapt  to  dataraina  tba  failura  aodaa  of  aatarial  tranaportad  as 
looaa  cargo  and  to  dataraina  tba  looaa  cargo  transportation  acanario. 
It  waa  datarainad  that  itaaa  tranaportad  a a  looaaly  atorad  cargo  are 
dona  so  for  a  maximum  distance  of  150  alias  in  open  top  bad  trucks, 
32  alias  in  two-wheeled  trailers  or  16  alias  in  tracklaying  cargo 
carriers.  Data  ware  collected  by  aounting  tri axial  aooeleroaetera 
at  the  base  of  a  nodal  hardware  specinen  which  was  than  securely 
aounted  in  a  standard  105-ma  amminition  box  upweighted  to  ita  standard 
weight.  Field  data  ware  collected  by  loading  eaoh  taat  vahiolaa  used 
(an  M813  5-ton  truck,  and  M101  3/4-ton  two-wheeled  trailer  and  an 
M548  tracklaying  vahiola)  with  similar  ammunition  boxes  one  layer 
deep  and  operating  eaoh  vahiola  over  a  variety  of  cross-country  and 
special  surface  courses.  Laboratory  data  ware  oollaotad  using  a 
commercially  available  paekage  taster  aa  tba  axoltation  source. 
Acceleration  data  on  the  instrumented  teat  package  were  reoorded 
during  20  different  nodes  of  operation  cn  the  paokaga  tester.  Test 
equivalence  was  determined  by  seleoting  one  of  the  laboratory  test 
methods  which  supplied  some  acceleration  amplification  over  the  field 
data  to  reduce  teat  time,  had  similar  time  domain  acceleration 
amplitude  distribution  and  had  almilar  apactral  energy  distribution. 
The  laboratory  test  condition  of  a  plywood-covered  bed  operated  in  a 
synchronous  mode  at  300  rpm  was  determined  to  beat  meet  the  comparison 
criteria.  The  acceleration  amplification  for  this  oondition  resulted 
in  a  fatigue  equivalent  test  time  of  45-ninutes. 


1 .  BACKGROUND 

Laboratory  simulation  of  the  transport 
environment  for  all  types  of  military 
equipment  has  been  conducted  by  the  U.3.  Army 
Test  and  Evaluation  Command  (TSCOM)  for  a 
number  of  years  as  an  expeditious  means  of 
determining  if  a  given  piece  of  equipment 
will  survive  the  real  world  environment.  The 
laboratory  test  schedules,  both  vibration  and 
loosely-stowed  cargo,  given  in  NIL-STD-810C 
and  various  TEC  CM  teat  documents  were 
developed  in  the  early  I960 'a  based  on  shook 
and  vibration  data  measured  on  vehicles 
tested  under  controlled  conditions  of  loading 
and  fixed-oourse  oonllgu rations.  Recent 
investigations  have  revealed  that  existing 
laboratory  simulation  tests  are  not 
descriptive  of  the  real  world  cargo  transport 
environment  and  this  have  posed  a  serious 
question  aa  to  tne  validity  of  the  entire 
laboratory-similated  testing  approach, 
including  the  amount  of  time  materiel  is 


subjected  to  both  vibration  and  loose  oargo 
testing  as  well  as  the  type  and  amount  of 
restraint  imposed  on  oargo  during  laboratory 
teatiug. 

This  paper  describes  a  technique  for 
measuring  the  actual  field  environment  for 
loose  oargo  transported  in  various  military 
ground  vehicles  and  developing  a  procedure 
for  realistic  laboratory  sisulation  of  this 
environment. 

2.  LITERATURE  SEARCH 

A  formal  literature  search  was  conducted 
to  attempt  to  determine  the  failure  modes  of 
materiel  transported  aa  loose  oargo  and  to 
determine  the  loose  cargo  transportation 
soenario. 

Definite  information  concerning  failure 
mechanisms  of  test  items  transported  as  loose 
oargo  was  nonexistent.  The  reports  surveyed 
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contained  statements  such  au  "damage  includes 
fatigue  and  chafing"  o~  "failures  of  csrgo 
items  were  observed  to  occur  in  the  fora  of 
fatigue  fracture  more  than  wear"  without  any 
substantiating  data. 

In  contrast,  the  transportation  scenario 
was  well  documented.  It  was  determined  that 
moat  items  transported  as  loosely  stowed 
cargo  are  done  so  in  a  forward  area  between  a 
corps  staging  area  (CSA)  and  a  front  line 
user  (U),  a  maximum  distance  of  150  miles. 
The  vehicles  utilised  were  identified  as  dump 
body  and  open  top  bed  tracks,  the  M548  track 
lay it g  vehicle  and  two-wheeled  trailers. 
Another  source  further  refined  the  scenario 
as  a  cargo  storage  area  (CSA),  forward  supply 
point  (FSP)  and  user  ('(J)  with  two-wheeled 
trailers  being  utilized  from  the  /3P  to,  and 
at,  the  U  for  a  distance  of  32  miles  and  the 
M548  being  utilised  at  the  user  point  for  a 
distance  16  miles. 

Since  no  definitive  data  could  be 
located  to  determine  the  predominate  failure 
mode  of  loosely  stowed  cargo,  it  was  decided 
that  laboratory  and  field  test  equivalence 
would  be  based  on  equivalent  fatigue  in  a 
cargo  specimen  rather  than  abrasion  or 
chafing  of  the  outer  surface  of  the  specimen. 
Chafing  was  disregarded  because  the  present 
loose  cargo  tests  were  based  on  an  abrasion 
study  which  was  well  documented  and  had 
little  chance  for  improvement  (i.e.,  the 
technology  of  the  time  would  be  repeated 
today).  In  addition,  cargo  damage  due  to 
chafing,  except  for  critical  items  such  as 
unprotected  rounds  of  ammunition,  may  affect 
th"  appearance  of  an  item  without  affecting 
the  mission  performance,  whereas  fatigue 
failures  in  an  item  generally  have  a  mich 
greater  consequence. 

A  model  hardware  specimeu  (NHS)  used  in 
a  previous  investigation  was  used  as  the 
typical  cargo  specimen  (the  MHS  is  described 
in  more  detail  in  para  5.1).  The  approach 
chosen  was  to  equate  laboratory  and  field 
fatigue  of  the  NHS  by  measuring  the  fatigue 
in  each  of  the  strain-gaged  NHS  beams  and  by 
measuring  the  triaxial  acceleration  of  the 
base  of  the  NHS  and  developing  test 
equivalency  by  existing  laboratory  schedule 
development  techniques  (references  3  and  4). 

3.  DATA  ACQUISITION 

3.1  MODEL  HARDWARE  SPECIMEN  (MHS) 

The  MHS  consisted  of  14  cantilever  steel 
beams  tuned  to  frequencies  from  6.25  to  160 
Hz  and  separated  by  one-third  of  an  octave 
(the  40-Hz  beam  was  missing).  Each  beam  was 
instrumented  with  a  model  EA-06-250BF-350 
strain-gage.  The  beams  were  mounted  onto  a 
2-  by  3-  by  12-in.  aluminum  beam  which  in 
turn  was  bolted  to  a  12  by  12  by  1/2  in. 
aluminum  baseplate.  The  four  vertical  sides 
of  the  NHS  were  covered  with  wood  to  provide 
some  protection  for  the  instrumentation  while 


the  top  was  left  open  to  provide  access. 
Strain-gage  type  accelerometers  were  mounted 
in  three  axes  at  the  top  center  of  the 
aluminum  beam  to  which  the  beams  were  mounted 
and  in  the  left  rear  corner  of  the  baseplate. 
In  order  to  sinulate  a  typical  military  cargo 
item,  the  NHS  was  securely  mounted  in  the 
middle  of  a  105-mm  ammunition  box  (M467) 
which  was  then  upweighted  to  approximately 
110  pounds  to  duplicate  the  weight  of 
standard  amzminition  boxes. 

3.2  INSTRUMENTATION 

In  addition  to  the  strain-gages  and 
accelerometers  already  described,  three 
strain-gage  accelerometers  were  mounted 
triaxially  on  the  test  vehicle  frame  near  the 
location  of  the  NHS  or  on  the  package  tester 
frame. 

An  on-board  pulse  code  modulation  (PCM) 
telemetry  system  was  used  as  the  data 
acquisition  system.  This  system  transmitted 
data  which  was  digitised  at  a  rate  of 
approximately  2000  samples  per  second  per 
channel  to  a  remote  data  handling  station 
where  the  data  were  ultimately  stored  on 
digital  tape  for  later  analysis. 

3.3  TEST  CONDITIONS 

The  NHS  was  tested  on  an  electrodynamic 
shaker  to  determine  the  transfer  function  of 
each  of  the  beams,  on  three  different 
vehicles  over  a  variety  of  test  courses  to 
provide  field  data  and  on  LAB  Models  3000  and 
8000  package  testers  to  provide  laboratory 
data.  These  phases  are  discussed  in  the 
following  paragraphs. 

3*3.1  Eleotrodynamic  shaker. 

Because  the  beams  were  somewhat  fragile, 
it  was  decided  to  develop  a  procedure  to 
compute  the  strain  in  any  of  the  beams  based 
on  the  acceleration  input  to  the  MHS.  The 
basic  NHS  (without  the  amminition  box)  was 
rf  -idly  banded  to  the  table  (head  expander  or 
slip  table)  of  a  model  UD  4000  electrodynamic 
shaker.  The  output  of  the  shaker  was 
controlled  by  a  digital  vibration  control 
system  in  order  to  provide  broadband  random 
(5  to  500  Hz)  motion  at  amplitudes  of  0.25  g 
rms,  0.5  g  rms,  0.75  g  rms  (vertical  only) 
and  1.0  g  rms.  Data  were  recorded  for  each 
run  for  approximately  1  minute.  These  tests 
were  conducted  in  both  the  vertical  and 
longitudinal  (along  the  beam  axis) 
directions. 

3.3.2  Field  data. 

Data  runs  were  made  with  the  NHS  in  its 
amiainition  box  loosely  Btowed  in  the  most 
rearward  portion  of  the  cargo  area  of  an  M813 
5-ton  truck,  an  Ml 01  3/4-ton  two-wheeled 
trailer  (pulled  by  the  5-ton  truck)  and  an 
M548  6-ton  track  laying  cargo  vehicle.  Each 
vehicle  was  loaded  with  enough  weighted  (to 
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110  lb)  ammunition  bu  >  to  provide  a  load 
one  layer  deep  with  approx;,  ‘■'ly  a  2-in.  gap 
between  adjacent  boxes.  The  number  of  boxes 
used  (including  the  MHS)  were  20,  7,  and  16 
for  the  truck,  trailer  and  track  laying 
vehicle,  respectively,  for  loads  of  2200, 
770,  and  1760  pounds  which  represented  loads 
of  22?,  51?,  and  15?>  respectively,  of  rated 
capacity.  The  vehicles  were  operated  on  the 
test  courses  at  the  speeds  listed  in  Table  1 . 

The  cross-country  and  special  surface 
courses  were  considered  to  be  representative 
of  the  terrain  described  in  available  cargo 
scenario  information  as  secondary  road, 
trails,  and  off-road;  the  paved  road  course 
typified  primary  road  conditions. 

Data  were  recorded  for  approximately  1 
minute  during  operation  at  each  speed  on  each 
of  the  courses. 

3-3-3  Package  tester. 

LAB  Models  3000  and  8000  commercial 
package  testers  were  used  for  this  portion  of 
the  test.  The  package  tester  was  capable  of 
synchronous  motion  with  the  driver  shafts  in 
phase,  which  produced  circular  motion  in  a 
vertical  plane,  synchronous  motion  with  the 
shafts  30*  out  of  phase,  which  produced 
elliptical  motion  and  asynchronous  motion 
which  produced  circular  motion  with  table 
tipping.  Various  test  modes  were  selected  to 
represent  tests  in  current  use.  A  list  of 
runs  conducted  and  the  applicable  test 
specifications  are  presented  in  Table  2. 

The  distances  from  the  center  of  the 
package  tester  to  the  center  of  the  MHS  are 
listed  in  Table  3-  Data  ware  recorded  for 
approximately  1  minute  for  each  test 
condition. 

4.  TEST  RESULTS 

4.1  GENERAL 

Prior  to  further  processing  of  any  of 
the  acquired  data,  all  data  were  screened  for 
validity  by  performing  a  check.  for 
atatlonarity  using  the  same  data  reduction 
parameters  (data  segments,  block  sines)  as 
would  be  used  for  future  data  processing. 
This  technique  wae  also  used  to  locate  and 
cull  bad  data  from  the  overall  data  bank. 

4.2  ELECTRODYHAMIC  SHAKER 

Transfer  functions  were  initially 
computed  between  the  shaker  table  and  the 
base  of  the  MHS  and  between  the  shaker  table 
and  tl.e  top  of  the  s', rain  gage  mount 
platform.  The  transfer  function  and 
coherence  function  between  the  shaker  table 
and  the  bass  of  the  MKS  were  essentially  1 
from  5  to  500  Hs,  while  the  transfer  function 
between  the  shaker  table  and  the  strain  gage 
mount  platform  exhibited  some  amplification 
in  the  ^50  Hz  region.  For  this  reason,  the 


base  of  the  MHS  was  considered  to  be  the 
input  to  the  MHS  (rather  than  the  atrain  gage 
mount  beam)  for  all  transfer  functions 
beiwoen  the  MHS  and  the  individual  beams  and 
in  later  work  in  development  of  the  test 
schedule. 

Vhen  vibrated  in.  the  vertical  mode,  each 
of  the  beams  exhibited  a  large  amplification 
(different  for  each  beam),  at  its  natural 
frequency  with  no  other  modes  apparent.  The 
transfer  function  data  were  stored  in  files 
for  later  use. 

Vhen  vibrated  in  the  longitudinal  mode 
(along  the  axis  of  the  beams),  the 
amplification  of  the  response  compared  to  the 
input  was  small,  indicating  that  the  beams 
were  relatively  insensitive  to  purely 
longitudinal  motion  or  the  longitudinal 
vector  of  three-dimensional  motion. 

Although  the  levels  used  for  this 
portion  of  the  experiment  were  benign 
compared  to  a  field  environment,  several 
problems  were  encountered  with  the  strain 
gages  on  the  lower  frequency  (maximum 
displacement)  beams  which  required 
replacement  of  the  strain  gages. 

4.3  FIELD  DATA 

After  a  few  failures  within  IOC  meters 
of  operation  in  the  M813  truck  over  moderate 
terrain  (local  roads),  it  was  apparent  that 
the  strain  gages  would  not  have  a  reasonable 
life  during  the  conduct  of  the  test.  The 
initial  concept  was  to  compute  the  response 
of  each  beam  from  the  lniut  tc  the  base  of 
the  MHS  using  the  transfer  functions 
previously  developed  rather  than  repair  each 
beam  as  required.  This  computed  Information 
was  then  to  be  analysed  by  a  fatigue  life 
estimation  technique  based  on  counting 
magnitude  and  frequency  of  occurrence  of 
stress  reversals  as  described  in  Reference 
11.  This  would  have  proven  to  be  a  complex, 
time  consuming  process,  but  could  have  been 
accomplished  with  the  data  acquired.  After 
some  reflection,  this  technique  was  abandoned 
in  favor  of  using  fatigue  equivalence  methods 
based  on  measures  of  acceleration  as 
described  in  References  3  and  4. 
Acceleration  measurements  made  in  three  axes 
at  the  base  of  the  MKS  were  used  for  all 
further  analyses  and  comparisons,  although 
all  the  original  accelerometer  channels  and 
all  remaining  active  strain  gage  ohannels 
were  recorded  throughout  the  remainder  of  the 
test.  The  decision  to  abandon  the  strain 
calculation  technique  was  based  on  two 
primary  concepts.  First,  the  transfer 
functions  previously  calculated  had  shown  the 
MHS  to  be  a  one-dimensional  device,  thus 
modeling  fatigue  in  the  beams  would  not 
account  for  the  other  axes.  Second,  the 
beams  had  proven  to  be  unrealistically 
fragile  (i.e.,  no  useful  structure  to  be 
subjected  to  a  military  environment  would  be 
designed  in  this  fashion),  and  to  model  this 
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structure  for  comparison  purposes  might 
distort  results  from  those  which  would  he 
obtained  using  nore  rugged  structures. 

4.3.1  H813  j-ton  truck. 

The  aoceleroneter  data  fron  the  base  of 
the  MHS  were  reduced  in  the  forn  of  PSDs  for 
each  data  run.  The  critical  speed  for  each 
test  course,  i.e.,  the  speed  at  which  the 
vertical  rms  acceleration  was  greatest,  was 
then  identified.  These  speeds  are  listed  in 
Table  4. 

The  data  fron  cross-country  course  3 
were  not  used  in  the  analysis  because  the 
values  were  significantly  lower  than  for  the 
other  courses.  Data  fron  the  other  three 
courses  were  uverlayed  i,'  jo  a  vibration 
schedule  procedure  for  each  axis  using  the 
techniques  described  in  Reference  3*  For 
this  analysis,  the  PSDs  fron  each  of  the 
courses  were  weighted  by  the  exposure  tinea 
likely  to  be  encountered  in  actual  field  use. 
In  computing  the  course  exposure  tine,  it  waa 
assessed  that  the  real-world  terrain 
corresponding  to  the  various  test  courses 
exists  in  the  ratio  of  the  lengths  of  the 
test  courses.  While  there  is  no  evidence  to 
either  support  or  refits  this  assumption,  the 
assumption  does  not  seem  unreasonable  when 
considering  real-world  experience  with  the 
types  of  terrain  involved.  (Expected  travel 
distance  over  terrain  types  corresponding  to 
these  test  courses  should  be  determined  in  a 
future  study.)  The  course  lengths,  speeds, 
and  exposure  times  are  presented  in  Table  5- 

This,  the  spaced  bump  data  were  assigned 
a  unity  weighting  factor  while  the  2-inch 
washboard  and  Belgian  block  data  were 
assigned  weighting  factors  of  3  and  4, 
rdspectively.  In  the  analysis  procedure, 
this  was  accomplished  by  combining  the  spaced 
•'xinp  PSD  with  three  PSDs  (the  same  one)  fron 
the  2-inch  washboard  and  four  PSDs  fron  the 
Belgian  block.  The  effect  of  the  weighting 
process  is  to  assign  a  value  of  0.5  to  the 
Belgian  block  data,  0.375  to  the  2-inch 
washboard  data,  and  0.125  to  the  spaced  bunp 
data  rather  than  0.333  for  each  of  the 
courses.  The  effect  on  the  M813  data  was 
minimal  because  the  Belgian  block  and  spaoed 
bunp  data  were  similar  in  value  and  because 
the  weighting  factor  for  the  2-inch  washboard 
data,  which  was  considerably  higher  than  the 
other  data,  was  only  slightly  different  than 
the  evenly  weighted  value.  The  resultant  PSD 
(vertioal  only)  from  the  M813  is  presented  in 
Figure  1 .  The  overall  weighted  average 
coirse  speed  was  18.6  mph.  It  was  determined 
that  655f  of  the  150  mile  test  scenario,  or  98 
miles,  was  over  terrain  similar  to  that  used 
to  acquire  data  --  which  equates  to  a 
real-world  exposure  time  of  5.27  hours. 

4.3.2  HI  01  trailer. 

Critical  speeds  for  the  test  courses 
wore  chosen  using  the  same  technique  as  the 


H813  truck  —  with  the  same  results. 
However,  unlike  the  data  from  the  N813  truck, 
data  from  the  trailer  on  cross-country  3  at 
20  nph  proved  to  be  the  most  severe  and  were 
used  in  the  analysis.  This  unexpected  result 
might  be  attributed  to  the  amplified  movement 
of  the  loose  cargo  —  induced  by  the  rolling 
nature  of  the  course  terrain  which  causes 
vehicle  pitching  —  which  is  not  present  in 
secured  cargo  or  in  the  basic  vehicle 
structure.  These  data  were  overlayed,  as 
previously  described,  using  the  weighting 
factors,  previously  described,  with  an 
additional  weighting  factor  of  6  for 
cross-country  3  data  (course  length  utilised 
1  mile).  The  resultant  PSD  (vertical  only) 
is  presented  in  Figure  2. 

Data  recorded  on  test  items  secured  to  a 
two-wheeled  trailer  are  generally  nore  severe 
than  data  recorded  on  items  secured  in  other 
wheeled  vehicles.  In  this  case,  primarily 
because  of  data  from  the  2-inch  washboard 
course,  the  vertical  data  from  the  loose 
cargo  on  the  M813  truck  were  higher  than  that 
on  the  trailer.  This,  coupled  with  the 
longer  exposure  time  based  on  the  real  world 
scenario  (para  2),  led  to  the  elimination  of 
HI 01  trailer  data  from  further  analysis. 

4.3*3  M548  track  laying  vehicle. 

Data  from  the  paved  road  operation  were 
usod  to  characterise  the  loose  cargo 
environment  for  the  H548.  Because  of  the 
presence  of  speed-related  perlodics,  the  data 
were  segregated  by  speed  rather  than 
overlayed.  A  typical  vertical  PSD  is 
displayed  in  Figure  3*  After  examining  PSDs 
generated  from  the  package  tester,  it  was 
obviois  that  the  paokage  tester  does  not 
simulate  traok  laying  vehiele  transportation, 
and  any  further  attempts  at  comparisons  were 
abandoned.  Many  cargo  schedules  from  track 
laying  vehicles  already  exist  to  provide 
fatigue  data,  and  chafing  type  damage  can  be 
accomplished  using  the  M813  truck  procedure. 

4.4  PACKAGE  TESTER 

The  PSD  for  each  axis  for  each  of  the 
different  configurations  tested  became  the 
test  schedule  for  that  condition  (i.e.,  no 
overlays  were  performed).  Based  on  visual 
observations  and  the  need  for  readjustment  of 
the  signal  conditioning  packages  to  prevent 
clipping,  it  was  determined  that  operation  in 
the  asynchronous  mode  was  much  more  severe 
than  in  any  of  the  synchronous  modes.  It  was 
also  determined  that  operation  on  a 
steel-covered  bed  was  less  severe  than 
operation  on  a  plywood-covered  bed  (also 
previously  reported  in  a  previous  study). 

5-  TEST  EQUIVALENCE  DETERMINATION 

When  the  schedules  for  the  M813  were 
first  developed  using  the  procedures 
discussed  in  reference  5,  it  was  determined 
that  the  schedule  for  the  truck  was  higher 
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than  that  for  operation  on  the  package 
teeter— which  seemed  unreasonable  based  on 
visual  observations  and  examination  of  rms 
acceleration  levels.  The  comparison  which 
had  yielded  that  determination  had  been  made 
by  computing  a  psuedo  transfer  function  (app 
A)  between  the  truck  data  and  the  package 
tester  data. 

The  transfer  function  data  between  the 
M313  truck  and  the  laboratory  package  tester 
were  then  recomputed  using  average  spectra 
rather  than  average  plus  one  standard 
deviation  spectra  as  is  tbs  normal  process  in 
laboratory  vibration  sohedule  development. 
The  effect  was  to  produce  reasonable 
correlation  between  laboratory  and  field 
data.  The  normal  technique  is  done  to  build 
conservation  into  a  closely  controlled  test. 
This  investigation  was  faced  with  the  unique 
problem  of  equating  two  uncontrolled 
situations  (laboratory  and  field)  rather  than 
tailoring  a  closed-loop  system  to  duplicate  a 
set  of  previously  t  isured  events.  This 
situation  arises  due  to  the  very  nature  of 
the  transportation  mode  being  examined. 
Since  the  motion  of  the  items  are  largely 
unconstrained  (except  for  tba  establishment 
of  outer  boundaries  of  travel),  it  is 
Impossible  to  form  a  cloned-loop  control 
system  such  as  exists  with  an  item  rigidly 
mounted  to  an  electrodynamic  shaker  which  is 
continuously  controlled  by  some  form  (analog 
or  digital)  of  a  feedback  system.  It  was 
decided  to  make  the  laboratory  and  field 
comparisons  on  averaged  apeotral  data  to 
reduce  the  effects  of  data  scatter  which  were 
more  predominant  in  the  field  environment 
than  the  laboratory  environment  (figure  4). 
In  addition  to  the  field  data  run  shown,  data 
from  runs  on  two  other  courses  were  blended 
with  tht  run  shown,  further  increasing  the 
scatter  of  data. 

As  an  aid  to  choosing  a  reasonable 
laboratory  teat,  the  psuedo  transfer 
functions  between  the  field  data  (input)  and 
the  laboratory  data  (response)  were  averaged 
over  equivalent  frequency  bands  (Table  6). 
The  average  and  standard  deviation  of  the 
equivalent  average  values  were  then  computed 
to  determine  the  average  magnitude  and  the 
scatter  of  the  transfer  function. 


The  data  from  the  various  laboratory 
test  conditions  were  then  analysed  to  select 
a  condition  which  provided  some  acceleration 
amplification  over  the  field  data  (to  provide 
test  item  compression)  without  ampllfelng  the 
data  by  more  than  a  factor  of  2  (a  general 
rule  of  ter.  level  exaggeration)  and  which 
exhibited  tinimum  scatter  in  tbs  transfer 
function  ns  a  function  of  frequency.  Another 
criterion  was  that  the  speotral  distribution 
of  energy  bi  similar  for  the  laboratory  and 
field  data.  The  appropriate  opeotral 
densities  (PSDe)  were  cumulatively  integrated 
in  50-Hs  increments  from  0  to  500  Hs,  and  the 
percent  of  the  total  rms  level  of  the  signal 
(based  on  1 00%  at  500  Hs)  was  calculated. 
The  test  condition  of  a  plywood-covered  bed 
operated  in  the  synchronous  mode  at  300  rpm 
was  chosen  as  the  condition  which  best  fit 
the  above  criteria  (vertical  only  shown  in 
fitjure  5-6).  The  values  of  the  computed 
transfer  'motions  in  each  of  the  three  axes 
(from  the  same  test,  i.e.,  similtaneously) 
are  listed  in  Table  7* 

The  two  primary  axes  of  vibration, 
vartloal  and  longitudinal,  have  essentially 
identical  average  transfer  function  values 
which  means  that,  on  the  average  (for  all 
frequencies  from  2  to  500  Hs),  the  package 
tester  amplifies  the  field  data  the  same 
amount  in  these  two  axes  similtaneously.  The 
transverse  axis  has  a  transfer  function 
reasonably  close  to  the  other  two  axes.  By 
using  the  average  value  of  the  transfer 
fbnotion  for  use  in  test  time  compression, 
the  result  is  a  slightly  longer  test  than  is 
necessary  in  the  vartloal  and  longitudinal 
axes  and  a  slightly  shorter  test  than  is 
necessary  in  the  transverse  axis. 

Baaed  on  information  acquired  from  the 
literature  search,  the  test  scenario  to  be 
slmilated  is  150  miles  of  transportation  — 
of  which  65f,  or  96  miles  is  over  terrain 
represented  by  the  Munson  test  courses 
utilised.  At  an  average  speed  of  18.6  mph, 
the  "real  world”  exposure  time  is  5*27  hours. 
Using  an  average  transfer  fUnotion  value  of 
1.3,  average  ratio  of  FSB  levels  is 
(1.3)  or  1.69  (see  app  A). 


Ill 


Using  the  accepted  equation  ■f-'r  test  time 
compression, 


Where 

yl  *  PSD  Amplitude 
m2  -  Laboratory  PSD  Amplitude 
“  Field  Time  ■  5.27  hours 
2  -  Laboratory  Tiae  ■  Unknown 
B  -  9 
W  -  2.4 

T 

the  value  of  2  ■  0.737  hours  -  45  minutes  of 
laboratory  test  time.  A  test  condition  of  a 
plywood-covered  bed  (as  described  in 
reference  6)  operated  in  a  synchronous  node 
at  300  rpm  for  45  minutes  should  give  a 
reasonable  approximation  of  items  being 
transported  in  a  5-ton  truck  for  150  miles. 

To  verify  that  tbs  selected  test  did  not 
overly  stress  the  test  item  (i.e.,  have  peak 
data  greatly  in  excess  of  that  experienced  in 
the  field  even  though  the  average  data  did 
not  do  so),  time  domain  amplitude  data  were 
plotted  using  a  "box  plot"  technique  to  show 
the  amplitude  distributions  of  the  data.  The 
results,  shown  (vertical  only)  in  figure  7. 
indicate  that  the  data  distributions  for 
field  and  laboratory  dnta  for  each  of  the 
axes  are  reasonably  similar. 

Vertical  acceleration  amplitude 
distributions  for  the  package  tester  methods 
at  300  rpm  were  plotted  along  with  the 
wheeled  vehicle  distribution  (figure  8)  using 
the  box  plot  technique  to  compare  the 
amplitude  distribution  of  the  various 
methods.  As  can  be  seen  from  this  figure, 
the  plywood  bed,  sync  mode  best  approximates 
the  wheeled  vehicle  data,  while  operation  on 
a  steel  bed  would  impose  a  slight  undertest 
and  asynchronous  operation  would  impose  a 
severe  ovjrtest  on  the  item. 

Since  the  motion  of  the  teat  item  is 
unconstrained  (except  to  ebtablish  outer 
boundaries),  the  loose  cargo  test  should  be 
considered  an  inexact,  uncontrolled  test 
designed  to  uncover  exterior  problems 
(chafing,  denting,  etc.)  in  items  transported 
in  this  manner  and  should  not  be  used  to 
determine  transportation  fatigue  life  on 
items.  Well-controlled  tests  which  are 
generally  more  severe  (reference  1  and  6) 
have  bee-  established  to  accomplish  this.  It 
should  be  stressed  that  the  equivalence 
developed  was  for  a  certain  sisa  and  mass  of 
loosely  stored  cargo.  Other  forms  of  cargo, 
such  as  loose  rounds  of  ammunition  may  behave 
differently,  but,  because  of  the  intended  use 
of  this  test,  it  is  considered  adequate  to 
cover  all  cargo  configurations. 


The  proposed  test  technique  is  compared 
to  existing  test  procedures  in  Table  8.  Dote 
that  the  proposed  procedure  does  not 
represent  a  radical  departure  from  existing 
procedures  and,  in  terms  of  severity,  is 
bounded  by  the  existing  procedures. 

6.  LOOSE  CARGO  VIBRATION  SCHEDULES 

Because  the  purpose  of  this  investigation 
was  to  produce  laboratory  vibration 
schedules,  these  were  developed  for  each  of 
the  three  axee  for  the  5-ton  truck  and  the 
two-wheeled  trailer  using  the  standard 
procedures  (overlays  of  the  average  plus  one 
standard  deviation  spectra)  detailed  in 
reference  5*  The  test  tines  were  scaled  with 
an  exaggeration  factor  derived  from  the 
previous  equation  to  produce  a  reasonable 
test  tine.  The  values  used  are  tabulated  in 
Table  9. 

The  resultant  schedules  are  presented 
graphically  (vertioal  only  shown)  in  Figures 
9  and  10.  Note  that  the  schedules  are  based 
on  notion  of  the  cargo  specimen,  not  the 
vehicle  frame  or  bed. 

It  would  be  difficult,  if  not 
impossible,  to  oontrol  an  electrodynamic 
shaker  using  a  control  source  not  directly 
connected  to  the  shaker.  It  would  be 
possible  to  run  the  test  by  rigidly  mounting 
the  test  speoimen  to  the  shaker  table  and 
running  the  schedule  like  any  other  test 
schedule.  There  are  two  major  problems  with 
this  approaoh  which  disqualify  its  use. 
First,  the  amplitude  distribution  of  the 
laboratory  test  data  would  most  likely  not 
duplicate  the  field  distribution  of  the  data 
and  would  definitely  not  duplicate  the 
distribution  if  a  3-sigma  dipping  control 
soheme  were  invoked.  Secondly,  while  test 
item  fatigue  would  theoretically  be 
duplicated,  the  other  affects  of  loose  oargo 
transportation  (chafing,  impaot  damage)  would 
not  be  duplicated. 

Even  though  the  loose  cargo  environment 
and  the  associated  test  schedules  are  severe, 
there  are  existing  laboratory  schedules  that 
are  equally  or  more  severe.  Comparisons  of 
the  loose  cargo  schedules  for  each  vehicle 
and  each  axis  with  an  appropriate  existing 
test  schedule  (reference  6)  are  shown 
graphically  (vertical  only)  in  Figures  1 1  and 
12.  Note  that  in  some  cases  the  loose  cargo 
test  schedule  has  been  altered  from  the 
previously  presented  schedule  by  use  of  a 
different  exaggeration  factor  to  match  the 
standard  schedule  test  time  (reference  11). 
The  comparisons  are  also  summarised  in  Table 
10. 

Although  the  loose  cargo  schedules 
exceeded  the  existing  schedules  in  severity 
at  some  frequencies,  particularly  in  the 
range  of  10  75  Hs,  the  overall  severity 
(as  measured  by  the  ras  value)  of  each  of  the 
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selected  existing  schedules  was  sore  severs 
than  that  of  the  corresponding  loose  cargo 
schedule.  This  indicates  that  rigidly 
securing  a  specimen  to  a  shaker  and  then 
running  the  loose  cargo  soheuule  would  serve 
no  purpose.  This  point  is  farther 
strengthened  when  it  is  considered  that  the 
conservation  hullt  into  the  loose  cargo 
schedule  by  addition  of  the  spectral  standard 
deviation  of  the  data  is  higher  than  that  for 
secured  cargo  because  of  the  presence  of 
shooks  in  the  data  which  inoreaae  the 
deviation. 

Because  of  the  increased  computational 
effort  involved  in  developing  a  schedule  for 
track  laying  vehicles,  a  test  schedule  was 
net  developed  for  the  N548.  The  rma 
acceleration  values  of  average  plus  one 
standard  deviation  spectra  were  coabined  over 
the  speed  ranges  used  in  compilation  of  the 
existing  M548  schedules  (reference  11)  and 
were  exaggerated  to  suailate  the  existing 
teat  time.  The  results  are  tabulated  in 
Table  11. 

Although  the  package  tester  does  not 
duplicate  the  track  laying  vehicle 
environment,  the  fatigue  characteristics  are 
exceeded  by  existing  schedules,  and  the 
abrasion  and  impact  damage  can  be  addressed 
by  ruining  the  teat  derived  in  paragraph  5. 

7.  CONCLUSIOHS 

It  is  concluded  that: 

a.  Operation  on  a  package  tester  with  a 
plywood-covored  bed  (as  described  in 
reference  6)  at  300  rpm  for  45  minutes 
provides  a  reasonable  simulation  of  the  loose 
cargo  transportation  environment  (all  three 
axes  simultaneously)  of  ammunition  boxes  in  a 
wheeled  vehicle  or  two-wheeled  trailer. 

b.  The  loosely  stowed  cargo  test 
conducted  on  a  ;-ckage  tester  is  an  inexact, 
uncontrolled  test  whioh  should  be  conducted 
to  determine  external  damage  to  the  test  itea 
and  should  not  be  used  as  a  substitute  for  a 
well-controlled  laboratory  secured-cargo  test 
ouch  as  defined  in  references  1  and  6. 

c.  Operation  on  a  package  tester  with  a 
steel-covered  bed  in  a  synchronous  mode  is  an 
undertest,  and  operation  with  a 
plywood-covered  bed  in  an  asynchronous  mode 
is  an  overtoat. 

d.  The  package  tester  does  not  simulate 
the  track  laying  environment. 

8.  FUTURE  EFFORTS 

Future  work  of  a  limited  nature  will  be 
conducted  to  determine  the  effort  of  location 
and  orientation  of  the  test  itea  on  the 
package  tester  and  the  effects  of  various 
types  of  retainer  fences.  Loose  cargo 


transport  of  unpackaged  iteaa  eueh  as  loose 
rounds  of  aawmition  will  also  be  studied. 
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APPCRDIX  A 

COMPUTATION  OF  A  PSOEPO  TEAKS  FEU  FORCTION 


It  it  obvious  that  a  trua  transfer  function  can  only  ba  calculated  froa 
avantt  which  ara  racordad  simultaneously .  lowavar,  for  thia  investigation,  it 
waa  necessary  to  coapare  aaparata  events  (non-tioultaneoua)  at  a  function  of 
frequency.  A  description  of  tha  technique  follows* 


Let  Can  -  input  peter  spue trua 

Gyy  *  ratponta  power  spec trua 
■  cross  power  spectrua 

TFa  ■  transfer  function  computed  by  "CSTA  Nathon" 


TFc  *  transfer  function  coaputad  by  classical  aethod 
CSTA  Method  Classical  Method 


TF 


a 


Car 

Gas 


Coherence  funct'on 


F  - 


.Eg. 


rf  Gan  Cyy 


for  a  "perfect"  rantfer  function  •>  i  thus  Cay  "  Gaa  ryy 


Coaputa  the  squares  of  the  above  function 


Gaa  Gaa 


Thus  TF^  .  TFC2 


thus  coaput  ing  the  square  of 
the  trantfar  function 


Therefore  coaputa  new  TF^  .  jyp 


as  suae  that  coherence  function  it  soae  value  lesr  than  1  *  P 


2  2 

p  .  I  ,  ...  Cli _  .  Cay  -  I  (Gaa  Cyy) 

ay  Gaa  Cyy 
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”.J  -  glX 

tr 


_  j  r  ^  a  **- 

2.J-  n. 

c  ine  *  Six  * 

Gn 


§rYT 


f*lu  of 

Cohoronco  fused ob 


lotio  of  CSTA  function 
to  cluilct)  function 
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TAILS  I.  TEST  COOISBS  AMD  SPEEDS 


■Tthlclt- 


Court*  Saaod.  Mph 


Ml]  3- too  truck 
and  N101  trailer 


N54I 


It l I Ian  block  20,  2$ 

Spaced  buap  IS,  20 

2-Ibc‘i  washboard  8,  10 

Croso-couatry  3  10,  1),  20 

Crosa-couutry  3  10,  IS,  20 

Farad  road  8  to  3u  i» 

2  aph 
incraaoats 


TAILS  2.  P  CKACE  TESTE!  MODES 


Spoud, 

Fhaau, 

Mo. 

Package 

Applicable 

Moda 

rt* 

dci 

•  to 

bstatt 

t 

—litre  tint* 

Loagitudiaal 

lynchronoui 

284 

0 

Plywood 

NZL-STQ-I10C 

Synchronous 

284 

0 

Plywood 

l 

Traasverse 

MIL -STD-81  Of 

Synchronous 

300 

0 

Plywood 

i 

Loagitudiaal 

MXL-STD-S10D 

Synchronous 

300 

0 

Plywood 

t 

Traaavorao 

M IL- STD-81 0D 

Synchronous 

284 

30 

Plywood 

t 

Loagitudiaal 

loao 

Synchronous 

284 

30 

Plywood 

l 

Traasworso 

loao 

Syachroaoua 

300 

30 

Plywood 

l 

Loagitudiaal 

■one 

Syachroaoua 

300 

30 

Plywood 

i 

Traasworao 

Roao 

Asyochreaooa 

284 

taadoa 

Plywood 

i 

Loagitudiaal 

DEF-8TAR07-33 

Aayochroaoui 

284 

Banda* 

Plywood 

i 

DEP-STAM7-33 

Aayncbroaoua 

300 

taadoa 

Plywood 

Lougicudiaal 

Roao 

A  syachroaoua 

300 

taadoa 

Plywood 

i 

Traaavorao 

Roao 

Syachroaoua 

284 

0 

Stool 

i 

Loagitudiaal 

Roao 

Syachroaoua 

214 

0 

Stool 

i 

Traaavorao 

loao 

Syachroaoua 

300 

0 

Stool 

l 

Loagitudiaal 

TOP-4-2-602 

Syachroaoua  . 

300 

0 

Stool 

i 

TOP-4-2-602 

Syachroaoua 

284 

0 

Stool 

2 

Loagitudiaal 

loao 

Syachroaoua 

284 

0 

Stool 

2 

Traaavorao 

Roao 

Syachroaoua 

300 

0 

Stool 

2 

Loagitudiaal 

TO  P-4-2-602, 
NIL-STD-810D 

Syachroaoua 

300 

C 

Stool 

2 

Traaavorao 

TO  P-4-2 -602, 
M1L-STD-810D 

*Tbe  direction  rafara  to  tba  direction  of  tba  ioatruaoocad  baaaa  which  wara 
perpendicular  to  tba  long  asia  of  tba  ewsunitioa  bos. 
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tails  3.  orr-curm  dutaacis 


.lad.  f  as  tan  Pirwtlon  Diatanga.  in. 

■oo.<  Longitudinal  33  1/2 
Rood  Traaavarta  16  1/2 
•  taal  Longitudinal  14  1/2 
lta«l  Tranavarta  31  1/2 


TAIL!  4.  CRITICAL  ■  FEEDS  FOR  RSI  3 


■Ganna -  Rnaad.  ant. 


lalgian  Slock  23 
Rpacad  kuap  20 
2-inch  vaahboard  I 


Lanpth. 

TAtLI  3.  COORSE  BATA 

£r»  Inaad  yah  tiaa  ait 

•alRlan  block 

3*40 

23 

1.791 

4 

2-inch  vaahboard 

S20 

• 

y  .is? 

3 

Ipacad  hasp 

764 

20 

0.434 

1 

Avaraga  oaigbtad 

11.6 
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TAIL!  (.  TtAMSril  fORCTIM  INTIMATION  IAIDI 


llri  IIP.  Froownc*  !*«.»«■  M«  C«at«  ftMitm.  ■» 


1 

1 


a 

to 

10 

« 

a 

to 

SO 

at 

so 

to 

100 

75 

100 

to 

ISO 

las 

ISO 

to 

aoo 

175 

aoo 

to 

aso 

aas 

a  so 

to 

soo 

17  5 

soo 

to 

sso 

sas 

3  SO 

to 

AOO 

375 

AOO 

to 

ASO 

Aas 

4S0 

to 

soo 

A7S 

7.  ATUACI  FAUtt  01 

'  TIAXSFBC  rORCTIONI,  V009 

TAIL!  BirC 

NOOK  300 

■PM  IPECTtA/WIICLCD 

miCLK  IPCCT'A 

OoviotioB 

..Alii. . 

ZaLul 

fort 

1.A0 

♦  7.7 

Traaa 

1.09 

-11.1 

loos 

1.A1 

♦  1.5 

1.30 

tab  it  •.  coarAKiaoM  or  tot  rtocnoKis 


FlrrTOir  J TO  _1b4—  W  t,  at  Itw  II—.  hr 


top  A-a-<oa 

•r— 

•tool 

300 

Aay  Boobor 

O.S 

ittt-m-iioc 

•tme 

Plywood 

aiA 

1 

3 

MU-m-810D 

•roe 

•tool 

300 

•ovorol 

O.S 

Hlt-m-llOD 

•l»e 

f ./wood 

300 

1 

3 

DIP  ITAI 

I17K 

Plyw. M 

IIS 

1  or  Mil 

1.  0.15,  .083 

07-55 

Profoiil 

•7* 

Plywood 

300 

1 

0.7  S 
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TAILS  9.  EXACCEIATIO*  FACTOSS 


fahtcla 

Saal  World 
Expo aura  Tlaa, 
hr 

T««t  TIm, 

Bxaggaratioa 

N813  truck 

3.27 

2 

1.293 

Ml  01  trailer 

1.31 

1.31 

1.0C0 

TAILS  10.  TEST  SCBEOOLE  COM PA* I SO* 


Vfhin 1 # 

Art  a 

Itaadard 
Schedule 
fraf  13) 

Looae  Cargo 
leal  Tine, 

Teat  Tine 
Standard 
hr 

Exaggeration 

Factor 

KB  13  truck 

fart 

TWo-vhaalad 

trailer, 

vertical 

3.27 

1.6 

1.374 

Traaa 

Coap  elected 
vehicle, 
traaavarae 

3.77 

2 

1.29  3 

Long. 

Tvo-vhealed 

trailer, 

longitudinal 

3.27 

1.6 

1.374 

N101 

trailer 

fart 

Tvo-vheeled 

trailer, 

vertical 

1.31 

1.6 

*1 .0 

Trana 

Coap  vhealad 
vehicle, 

transverse 

1.31 

2 

*1 .0 

Long. 

Tvo-vhaalad 

trailer, 

longitudinal 

1.31 

1.6 

•i.o 

Cota  that  the  existing  taat  tiae  (standard)  ia  longer  than  the  leoaa  cargo 
real  tiae.  Ac  exaggeration  faetor  of  0.948  could  have  bean  uaad  but  van  un— 
necasaary  aiaea  tba  existing  achadulaa  ware  aore  than  tbc  looaa  cargo 
achadulaa. 
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TAILS  II,  HSA8  TUT  8CBED0LE  COMPAIISOB 


Test 

Pha«« 

leal 

Tins, 

nln 

Teat 

Tina, 

ain 

Inacgeration 

Loose  Corf o 

HI 

Test 

Vertical 

901 

0.M 

12 

0.387 

0.A3 

1.50 

102 

0.98 

12 

0.387 

0.50 

1.27 

vos 

0.98 

12 

0.387 

0.SA 

2.36 

TOA 

0.98 

12 

0.387 

0.71 

2.52 

VOS 

0.98 

12 

0.387 

0.87 

3.03 

Transverse 

T01 

0.98 

12 

0.387 

0.26 

1.0A 

102 

0.98 

12 

0.387 

0.37 

1.01 

T03 

0.98 

12 

0.387 

O.SS 

1.76 

TOA 

0.98 

12 

0.387 

0.S8 

2.20 

105 

0.98 

12 

0.387 

0.63 

2.50 

Longitudinal 

LC1 

0.98 

12 

0.387 

0.2S 

1.19 

L02 

0.98 

12 

0.387 

0.37 

0.78 

LOS 

0.98 

12 

0.387 

0.A5 

1.77 

LOA 

0.98 

12 

0.387 

0.59 

1.99 

LOS 

0.98 

12 

0.387 

0.57 

2.  A  5 

*The  euggeration  factor  shown  is  tho  square  root  of  the  calculated  value  to 
accoaat  for  operating  on  the  ns  rains  than  the  PSD  value. 


120 


LOOSE  CARSO  OH  H813  VERTICAL 

MS  -I.* 


8  18  OAtW  8tSU  HO  QOm  3SGQ1 


»  *  m 


«  <M 


2COLINSYH 


12S 


Figure 


.ooooor’-OOSE  CARGO  LAB  VIBR  SCHEDULE  M813  VERTICAL 


129 


ooooo-i-  VIBRATION  SCHEDULE  COMPARISON  MS  13  VERT 


VIBRATION  SCHEDULE  COMPARISON  M101  VERT 


.C100044  \/\  A  a  /v  \/ 


ARAUfSXS  CP  SBOCK  U D  VIBRATICH  BHVHQ*®TTS 
TCR  CARD  GH  CSB  TRANSPCRT  ATHCSATr* 


Thceae  J.  Baca 
JIM  V.  Doggett 
CUnnoi  A.  Davidson 

Senrtla  National  laboratories 
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lb*  definition  o f  aback,  and  vibration  enylrcnaanta  cm  the  floor  of 
cargo  aircraft  la  of  prime  Interest  to  daalgasra  of  hardware  vfaloh 
must  he  transported  on  these  planes  end  heliooptera.  The  EOK/DOD 
Environmental  Gate  Beak  at  Seilla  National  Labcratoriee  aalntalne  on 
extensive  aolleotlon  of  environmental  definitions  for  aircraft.  Thiy 
paper  deeoribM  tie  prooees  Involved  in  acquiring  and  analysing  Aock. 
and  vibration  data,  on  the  oargo  floor  of  a  CSB  turbojet  aircraft  for 
inoarporation  into  the  DOB/DCD  Environmental  Data  Bank.  The  dual 
objectives  of  thli  pspsr  aze  to  ehcw  the  procedure  by  vhioh  the 
anvlronemtal  definition  Is  areatsd  end  to  compare  the  results  with 

definiti/ne  of  ahoak  end  vibration  environments  on  fined  wing 
aircraft.  Special  emphasis  Is  planed  on  instrueentatlon 
considerations  wbloh  help  ensure  data  Integrity.  The  use  of  both 
plasoalaotrio  ani  pi  eeoresl  stive  acoalsroeetere  at  each  eoailtar 
location,  for  eraepla.  refleote  the  roqulreeant  to  select  the  proper 
treneduoar  to  raaeurs  either  the  shock  or  tendon  vibration  eventa  of 
Interest.  OarpubarlMd  data  analysis  techniques  are  described  vftioh 
greatly  eapeiite  the  analysis  of  voluminous  eaounts  of  Shook  and 
vibration  data  stored  on  a  ooeputer  data  base  system,  included  in 
thaM  analyses  are  auto-speotral  density  estlaates.  Shock  response 
spectra,  end  a  relatively  new  Shook  characterisation  ad  led  the  shock 
Intensity  spectrum.  The  resulting  environmental  definition  for  oargo 
transport  on  tbs  COB  aircraft  was  significant  because  it  revealed 
frequency  ranges  in  which  the  CSB  deck  and  vibration  envirotnents 
annealed  levels  seen  on  other  military  transport  aircraft,  ihe 
techniques  utilised  In  this  analysis  will  be  of  great  value  to  other 
engineers  responsible  for  quantifying  shook  and  vibration  environments 
an  oargo  vehicles  of  all  types. 


1HBVUXX1UI 

Definition  of  environmental  loading  conditions 
baa  always  challenged  engineers  responsible  for 
developing  load-resistant  structures.  (Jne  type 
of  dynamic  enyironeent  of  great  practical 
concern  results  from  the  shook  and  vibration 
aedtatioos  inverted  to  oargo  on  military 
transport  vehicles,  quantification  of  these 
djomme  loads  can  first  be  used  by  analysts  to 
aaeaM  the  effects  of  tuess  inputs  to  a 
particular  structure  which  Is  carried  as  oargo. 
the  seventy  of  the  environment  eight  even 
necessitate  the  development  of  a  eanhanloal 
isolation  system  to  protect  the  oargo  from 


damage .  tv**  Ayvttvtttnm  of  Shock  and  vibration 
euvlrooneats  Is  also  used  to  define  dynamio 
test  Inputs  to  tbs  oargo  structure.  Response 
measurements  made  on,  or  within,  the  structure 
serve  to  verify  that  the  structure's  dynamio 
resuonse  capability  will  not  be  emeedsd  In  the 
operational  environment.  This  paper  describes 
the  prooees  of  defining  Shook  and  vibration 
environments  which  is  critical  to  adequate 
design  and  meaningful  dynamic  testing  of 
structures .  A  description  of  the  measurement, 
analysis,  and  Interpretation  of  random  vibration 
and  ebook  dynamic  field  data  will  be  given  in 
tbs  context  of  the  study  of  shook  and  vibration 
environments  on  the  cargo  bay  floor  of  the  CSB 
turbojet  aircraft. 


■  nils  weak  was  performed  at  Sandla  National  Laboratories  and  supported  by 
the  U.  8.  Department  of  Energy  under  Contract  Number  CB-ViOX-7eDP00789. 
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—  BALLAST 


Iba  analysis  of  imofc  and  vibration 
wrirrn— nt«  on  transport  i^Kflu  Is  oarrlad 
out  at  Band!*  tetlcnai  laborafcorlas  a*  part  of 
dw>lm—t  englnaarlng  011  ayliasant  whim  mat 
ba  quailflad  foe?  transport  on  thaM  oarriar*. 
lbs  transport  mrri  re— t  Is  only  on*  of  assy 

iwriw—#a  fnp  a&dit  b*8  QQlllOtld 

data.  tt»  data  baas  la  aalatelaad  la  tba 
ECX/rDD  Trill  i OB— tod  Data  Brak  (teftoanxj  1 
and  8).  Maaaniral  date  fron  tote  slat)  start  and 
actual  snrrLoa  oondltlon*  ax*  oral  Inanity  balng 
*>— alaad  and  addad  to  tba  late  Bade.  A 
substantial  Mount  of  fnxt  and  vibration  date 
fro*  trnnnpart  aircraft  ten  tsan  aaasurad  and 
analyaad  by  flandla  and  otbam  CtefaranoM  8-0). 
and  atorad  la  tba  Date  Bank.  Sian*  no  abodfc  or 
vibration  date  bad  prasioubly  bsan  oollaotwd 
far  tba  Duta  Bank  on  tba  OBB  turbo  jars 
transport.  fknrtla  undartock  tbla  affort  with 
tba  oopparatlon  of  tba  0.8.  Bwy. 


*  UONlTOt  point 


Figure  a.  X&strwMstatlos  Loostlon*  on  COB  Aircraft 


obb  mammal 

lbs  OBB  (Figure  1).  Mnufaoturad  by  Douglas 
Aircraft  Ocayany.  la  a  Modal  8BCP  DO-8  J*t 
Traapart  ilMlf  Ml  for  trananartntlon  of 
panrangar*  or  oaxgo.  Iba  aircraft  la  jowarad 
by  two  Pratt  and  tbltuay  JUD-0  cnglna*.  ante 
of  which  la  payahla  of  ganarrtlng  14.800  pounrta 
of  tbruat.  iba  OBB  wtnTaaa  tba  "Dooglaa*  cargo 
ujbMm  to  jandt  *My  and 

untnartTn|  of  paJlatlaad  oarfo.  cargo  la  leadad 
la  tba  ante  oabdn  on  pallata  and  aowad  into 
position  an  ball  and  rollar  oonwayora  whim  ara 
attaobad  to  tba  dack  txaflka.  BMtiaint  fittings 
and  aaonrad  to  tba  dnok  tnadkn  hotn  tba 

pallatlnad  cargo  la  plaoa. 


Figure  1 

C9B  Transport  Aircraft 


TEST  FKKPARATICH8 

careful  planning  of  tba  08B  f.ight  tact 
xmearmufim  w  uadartahan  ty  addressing  tba 
following  topias: 

1.  OBJBCTXVS 

9.  Tagnamntaias 
a.  ekea  nrmatrrr 
4.  nacsr  flax 
s.  test  laaancB 

Significant  details  of  tbaaa  subjects  an 
presented  In  tba  foUcarxng  (UaooacLon. 

cbotctivb:  Tba  Objective  of  tba  flight  tecta 
me  to  sake  acceleration  zetsureeai itc  on  tba 
oargo  floor  of  the  CBB  during  taxi,  takeoff, 
ollab,  arnica,  and  landing.  Qnoe  the  data  ware 
collected,  tba  data  would  be  analysed  to  define 
shock  and  randan  vibration  envlroosenta  far 
oargo  oarried  on  tba  CBB. 

IBSTWaflgmSCTOK:  Figure  S  above  a  ecfaesutio 
diagree  of  tba  inriffinvamt-  cyetee.  Knowledge 
that  00  b,  118  V  AC  power  was  available  an  tbe 
aircraft  allowed  tbe  ealeotlon  of  a 
conventional  14  track  Fb  lnctrvantatlon 
■agnatic  taps  reoordar  for  data  gathering. 


fiiwon  both  ebook  and  vibration  data  ware 
desired,  two  different  types  of  aooalsrsaeters 
were  need  to  eaka  tbe  seasureaautc.  Vibration 
was  noacurod  with  ptesoeleotrlo  (FB) 
aooeieroBetere.  Piezoreeistive  (FB)  gouges  vara 
used  far  shock  neasureaanta,  Tba  FB  gauges  allow 
■aasureaaRt  of  randoi  vibration  data  In  tba 
fxeqianoy  range  of  interest,  10-9000  Hz.  Tbe 
Inmsltlvlty  of  a  FB  gauge  to  frequency  content 
below  9  He  is  advantageous  for  randca  data 
apecrtral  analysis  where  SC  oosponanta  of  a 
randee  slgual  are  nonoally  xemvwd.  Tbe  FR 
gauges  respond  to  frequencies  froa  0  Ba  to  780  HZ, 
and  axe  required  to  adequately  treneduoe 
tba  law  frequency  oontent  of  tbe  lending  shock. 

Three  m  am  three  FS  gauges  ware  minted  at  the 
aid  and  back  oargo  bay  locations  (see  Figure 
9).  Tba  aooeleraseters  were  oriented  in  tbe 
vertical  (perpendicular  to  tbe  oargo  floor), 
latitudinal  (along  tbe  axis  of  tbe  fuselage), 
and  transverse  (perpendicular  to  tba  axis  of 
tba  fuselage)  axes  of  the  aircraft. 

Tnasdnoara  were  mooted  on  three  faces  of 
alnadnaa  cubes  which  were  attached  with  dental 
oaaent  at  the  nonltar  paints  on  the  oargo  bey 


Figure  3.  Measurement  System  Schematic  Diagram. 
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floor.  Bridge  exaltation  for  tbe 
piezoreeistive  elements  and  power  for  their 
complimentary  amplifiers  were  supplied  from  a 
28  V  nl in»  tatteay  packaged  in  a 
metal  oase  which  also  contained  EC  amplifiers 
and  tbe  It UB  generator /reader.  Tbe 
piezoelectric  signal  conditioners  were 
conventional  charge  amplifiers  with  low 
impedance,  normalized  voltage  outputs. 

Estimates  of  channel,  bandedge  settings  were 
sade  on  tbe  basis  of  flight  tests  on  other 
aircraft.  Tbs  entire  aeBSuxeeant  system  was 
checked  out  prior  to  tbe  flight  by 
accelerometer  measurements  of  tuowi  inputs  to 
an  elect ro-dynamlo  Shaker. 

TATA  INTEGRITY:  Aobelvlng  data  integrity 
entails  practicing  normal  proficiency  in 
setting  up  s  measurement  system,  and  also 
requires  making  a  oonsojentious  effort  to 
reoognlze  noise  souroee  In  the  measurement 
system.  In  an  effort  to  aooompllsh  this  nod.ee 
characterization,  two  steps  were  taken.  First, 
a  noise  gauge  was  included  in  tbs 
instrumentation  system,  (obe  nodes  gauge  has  a 
itowiritiwiii  piezoelectric  crystal  so  it  does 
cot  transduce  acceleration,  but  experiences  tbe 
sane  ecwroee  of  eleotrioal  noise  as  tbe  active 
HS  accelerometers. )  in  another  effort  to 
dooorlbe  tbe  noise  sources  on  tbs  active 
aooelerometer  channels  In  the  measurement 
system,  tbe  output  of  th9  sooslaroasters  was 
rsoorded  while  tie  plane  was  powered  down  and 
stationary.  Ibis  set  of  measurements  was  useful 
in  verifying  that  tbe  signals  rsoorded  during 
flight  were  actually  tbe  result  of  tbe  shock 
end  vibration  environments  generated  on  the 
outgo  floor  of  the  C9B  aircraft.  Tbe  portable 
playback  capability  was  included  to  allow 
Immediate  post-flight  review  of  data  to  assure 
adequate  signal  strength  and  no  dipping  of 
output  signals.  If  the  data  were  not  found  to 
be  satisfactory,  the  i  Jght  test  cxxOd  be 
repeated.  The  HUB  time  generator  was  an 
Important  consideration  slnoe  it  allowed 
accurate  regarding  of  event  time  which  would 
be  needed  to  analyze  and  interpret  tbe  data. 

FLIGHT  FLAN:  A  flight  test  plan  was  developed 
to  sure  that  tbe  flight  Included  tbe  same 
types  of  flight  events  which,  bad  been  rsoorded 
(hiring  flight  tests  on  other  aircraft.  The 
following  data  points  were  defined  far  the 
benefit  of  tte  pilot  during  the  flight  test  and 
for  data  Identification  purposes  during  poet 
test  data  analysis: 

1.  Taxi  parlor  to  takeoff 

2.  Full  power  engine  runup  prior  to  takeoff 

3.  Takeoff  -  prior  to  liftoff 

4.  ffliiah  -  gear  down,  flaps  down 

8.  Climb  -  gear  up,  flaps  down 

6.  Climb  -  gear  up,  flaps  up 

7.  Climb  -  turbulence  (if  any) 

8.  -  to  cruiee  altitude 

9.  Cruise 

10.  Descent-  -  buffeting,  spoilers  down 

11.  Descent  -  landing  goer  down 

12.  Deeoent  -  gear  down,  flap  down 

13.  Deeoent  -  touchdown 


14.  Touchdown,  nose  geer  down 
1C.  landing  -  engines  reverse  thrust 

16.  Post-landing  Roll-out 

17.  Quiet  Time 

TEST  LOGISTICS:  Arrangements  were  made  for  tbe 
O.S.  Bhvy  to  provide  tbe  crew  and  tbe  C9B 
aircraft.  All  of  tbe  instrumentation  was 
shipped  to  tbe  test  site.  Appr  dmately  1800 
kg  of  ballast  was  prepared  far  i  dlstized 
1  fading  on  tbe  aircraft  during  i  to  test. 


TEST  EBSCRnrSH 

Tbe  COB  aircraft  was  loaded  with  -1800  kg  of 
ballast  which  was  divided  between  four  standard 
plywood  pallets  and  chained  in  plane.  The  tape 
recorder,  instruments,  and  signal  cables  were 
strapped  or  taped  securely  to  tbe  floor  of  tbe 
airaroft.  Accelerometers  were  mounted  at  mid 
(above  tbe  landing  gear)  and  aft  oargo  bey 
looaticne,  adjacent  to  the  base  of  tbe  oargo 
(see  Figure  2).  All  channels  and  Instruments 
were  lnteroocneoted  and  calibrated  before 
parking  end  shipment  to  tbe  site  of  flight 
operation,  and  calibrations  were  again  verified 
Just  prior  to  flight  takaoff .  Just  prior  to  a 
flight  event  change,  tbe  arew  announced  tbe 
upocmlng  change  so  tbe  Instruments  could  be 
sade  ready  end  the  DUB  leading  noted.  To 
pumiorvo  tape  time,  the  event  was  recorded  only 
long  enough  to  Insure  time  far  ocaplete  data 
analysis,  rata  channels  were  monitored  during 
tbe  recording  using  a  portable  osodllosoope- 

Data  were  rsoorded  during  three  flights  of  the 
CRB  aircraft  as  Indicated  In  more  detail  In 
Table  1.  Quiok-look  data  ware  reviewed  after 
thu  first  flight  to  verify  that  the  data 
zaocctilag  system  was  working  properly.  Tbe 
seec-xi  Aid  third  flights  were  primarily 
ijrtwadjd  to  give  data  on  the  landing  Shock. 
Transition  from  tbs  ssoond  to  Ike  third  flight 
ocualased  of  landing  and  then  takeoff  without 
doming  to  a  stop.  Tbe  human  sensation  of  Shook 
and  vibration  seemed  no  different  than  that 
experienced  on  a  normal  oommxralal  passenger 
flight. . 
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TABU  1. 


Sunnary  of  Data  Beoorded  During 
CUB  flight  Events. 


FLDST  BCMESft 

EVENT 

♦1 

«a 

*3 

I CM  SPEED 

TAXI  TO 

RUNWAY  Ell* 

TBS 

MO 

MO 

POUi  FORBt 

RUNUP  E8l 

TBS 

MO 

MO 

TAKHCFF  RON 

PRIOR  TO 

LIFTOFF  [3] 

TBS 

TBS 

MO 

CUES  14-81 

TBS 

TBS 

TBS 

CRUISE  [91 
(30,000  FT) 

TES 

MO 

MO 

DESCENT 

[10-13] 

TBS 

TBS 

m 

IARDOG 
saxs  [141 

TBS 

TBS 

m 

THUigyr 

REVERSAL  [13] 

TBS 

BO 

POST  LANDODG 
RCU0OT  [IB] 

MO 

MO 

TBS 

BO 

HO 

TBS 

*  Number  in  brackets  [  ]  is  data  point 

itorignutlfw. 


DA3A  ANALYSIS 

lbs  CBB  flight  data  were  analyzed  by  first 
areeting  oscillograph  reoords  of  the  analog 
data  tape.  Sine®  DUB  tlse  was  displayed  on  the 
strip  aharts,  all  of  the  flight  events  oould 
have  their  start  and  stop  tlsee  identified 
proalsaly.  Tbe  data  periods  of  interest  were 
then  digitised  in  preparation  for  analysis. 

It  was  at  this  point  that  loss  of  the  noise 
channel  (due  to  an  intemdttant  ooble 
ocnnectlcn)  was  noted  and  a  deoislon  was  node 
to  rely  on  tbe  quiet  tine  data  far  an 
Indication  of  the  noise  baseline  of  the 
iweawronont  aysten.  Overall,  eamellent  data 
return  wee  detained  free  the  flight  test. 


RAKEM  VIERAUCK:  AutCMSpeotral  density  (ASD) 
estlsates  (Reference  7)  were  esde  for  each 

ormnl  ggXR&t  BT  during  ttA 

vibration  flight  event  Shown  in  Table  1.  As 
Inrtloatlra  of  the  relative  severity  of  these 
events  is  given  in  Table  a  where  overall 
wot  ween  square  aooelaration  (grae)  values  are 
listed  for  tbe  vertloal  axis  aooalaroeeters  at 
the  bade  and  aid  cargo  hey  loostlcne  Thrust 
reversal  laeert lately  after  leading  and  the 
tekeoff  run  prior  to  liftoff  dosdnete.  The 
back  bay  eonltor  point  ezperlanoae  Slightly 
higher  response  levels  than  tbe  aid  bay 
location.  All  of  the  ASD  setlsates  wars  plaoed 
in  a  ooeputarlaad  GRAFA1D  data  bass  (Reference 
8).  Manipulation  of  tbs  data  wee  parfecaed  with 
(SAFAXD.  Envelopes  of  tbe  ASD  astlestes  wan 
*-adw  by  dividing  tbe  vibration  enviicneeets 
Into  two  separete  oatagoriss,  one  for  cruise 
vibration  end  one  for  the  zest  of  the 


TABU  8. 

Suaenry  of  (SMS  of  Rendon  Vibration 
Measured  During  C8B  Plight  Events. 


CRMS 

EVENT 

BAS  BAT 
VERTICAL 

MID  BAT 

vaaxctt. 

LOW  SPEED 

TAXI  TO 

FENWAY  [11* 

0.10 

0.083 

PULL  POWER 

RUNUP  [81 

0.049 

0.043 

TAIBOFF  RUN 
PRIOR  TO 

LIFTOFF  [3] 

0.88 

0.19 

CLDS  [4-81 

0.13 

0.037 

SEISE  [9] 
(30,000  FT) 

0.088 

0.084 

DESCENT 

[10-13] 

0.17 

0.17 

THRUST 

REVERSAL  [18] 

0.84 

0.S3 

POST  IAHDSHCJ 
ROtlOUT  [163 

0.18 

0.084 

QUIBT  TUB  [17] 
(AIRCRAFT 
POWERS)  DOWN) 

0.048 

0.C41 

*  Buaber  in  brackets  [  ]  is  data  point 
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wiroEMnta  which  wdll  be  T/C/L 

(TWBBOff/CllJfe/Lagadlng). 
of  tfae  data  allow  ogqnrlaon  with 
alraraft  transport  randcn  vibration  teat 
apecrt.  float  lane.  It  is  &  logioal  division  of 
the  atnrlroraMiils  beoaaae  the  arulee  anvlinawii 
exlets  far  an  artended  period  of  tine,  while 
the  other  acrlrrr— nta  era  such  shorter  In 
duration  during  loot  distance  adz  transport, 
n^ure  4  dna  an  awagfle  of  one  sat  of 
sovelopte  which  warn  aada  far  tba  vertioal  axis 


anvizonnaat  at  tha  back  cargo  bay  looation. 

This  plot  la  iadloatlwe  of  tha  Mte  vibration 
lewale  aaqparlenoed  dorlig  T/c/L  la  ocaparlacn 
to  omlaa.  This  plot  alao  Inrflnrtnw  au  envelope 
of  the  quiet  period  where  the  aircraft  is 
ponced  down  and  stationary.  Mote  that  tte 
arulee  any  1 1  nnepiit  la  only  slightly  higher  *■*»« 
thn  quiescent  asesureaant .  lwumting  that  tfae 
orulee  anvil riaaail  only  slightly  ««rw4«  the 
nodes  level  of  the  mumm—il  new 


(Traneyeree  and  lcnfltnlliMl  anas  nenaureneute 
exhibited  tha  sane  relationship  between  tba 
quiet  ties  and  araias  naasurenants. )  This  type 
of  enveloping  prooedure  was  further  nwiaii  to 
InOLuda  both  the  back  and  md  cargo  b^wnitor 
loootlona  In  each  axis. 


Figure  4.  Comparison  of  Vertical  Axis 
(Back  Monitor  Point)  Random 
Vibration  Envelopes  for  Three 
Different  Periods  of  the  C9B 
Flight  Profile. 
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The  resulting  CBB  randcn  vibration  environment 
envelopes  ere  presented  Is  Figures  0-10.  Far 
purposes  of  oceparlaon,  the  CBB  data  are 
plotted  along  with  current  aircraft  transport 
vibration  teat  spool  floatlcn  levels  which  have 
been  derived  at  Bundle  Motional  laboratories  on 
tfae  basis  of  CBA,  C141,  MCIBB,  0190,  and  C133 
data  given  is  References  1-8.  Mote  that  only 
the  vertical  axis  T/C/L  data  (Figure  B)  ««v<wi 
the  test  specification.  The  CBB  data  are 
greater  than  the  test  spedfioatlcs  Is  tfae  10 
to  30  Bz  frequency  range.  TWble  3  provides  a 


manary  of  the  grne  levels  of  the  CBB  data  In 
ooeparlsas  with  the  grne  level  of  wrl  sting 
Santis  air  tranaport  test  speoifloatione.  The 
low  grne  levels,  particularly  in  the  cruise 
node,  support  an  overall  asaesmant  that  tbe 
rasdoa  vibration  levels  is  tbe  oargo  bey  of  tbe 
CBB  alroraft  axe  quite  low. 


Figure  5.  Comparison  of  Vertical  Axis 
Aircraft  Takeoff/Cl  1  mb/ 
Landing  Test  Specification 
and  C9B  Vertical  Axis  Random 
Vibration  Envelope. 

TEST  SPEC  BRH8  -  3.63 
CSS  UERTICAL  8RM8  «  8.523 
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Figure  6.  Comparison  of  Horizontal  Axis 
Aircraft  Takeoff/Cl  1  nb/Landl ng 
Test  Specification  and  C9B 
Transverse  Axis  Random  Vibration 
Envelope. 

TEST  SPEC  8RM8  -  2.31 
CSS  TRAN0UER8E  3RM8  •  8.167 
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Figure  7.  Comparison  of  Horizontal  Axis 
Aircraft  Takeoff/Cl  1«d>/Land1ng 
Test  Specification  and  C9B 
Longitudinal  Axis  Random 
Vibration  Envelope. 


Figure  9.  Comparison  of  Horizontal  Axis 
Aircraft  Cruise  Test 
Specification  and  C9B  Transverse 
Axis  Random  Vibration 
Envelope. 


test  etc  orms  •  2.31 
cse  umoituoinm.  mm  ■  a.  >22 
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tot  tec  erne  -  0.25 
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Igure  8.  Comparison  of  Vertical  Axis 
Aircraft  Cruise  Test 
Specification  and  C9B  Vertical 
Axis  Random  Vibration 
Envelope. 


TEST  OPEC  ORHB  •  1.23 
CSU  UERTIORL  ORHB  ■  0.061 
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Figure  10.  Comparison  of  Horizontal  Axis 
Aircraft  Cruise  Test 
Specification  and  C9B 
Longitudinal  Axis  Random 
Vibration  Envelope. 


test  spec  erne  -  e.zs 

CSS  LONSITUOINM.  BOMB  -  0.044 
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Figures  lla-lld  Show  the  oaaplste  set  of  test 
speolfl nations  which  sow  Inalurte  the  CSB  data. 
The  T/C/L  test  specifications  contain  hearts  of 
narrow-band  random  vibration  vhlah  are 
superimposed  an  the  background  spectrum 
(Reference  9).  Ihe  vertical  axis  T/C/L  xandoe 
vibration  test  specification  has  been  revised 
to  envelop  the  COB  flight  data.  Note  that  the 
gins  In  the  revised  vertical  axis  test 
specif oation  Shown  In  Figure  11a  has  only  risen 
from  3.63  grse  to  3.68  gras.  Indicating  that 
the  increased  low  frequency  content  in  the  CSB 
data  is  of  little  significance  to  the  overall 
test  Input,  it  Should  he  mentioned  that  the 
test  durations  stated  Is.  the  Figures  lla-lld 
Should  be  altered  to  reflect  specific  air 


transportation  scenarios,  ihe  stated  tines 
reflect  a  total  cruise  duration  of  three  hours 
(one  hour  per  axle)  and  thirty  minutes  (ten 
minutes  par  arts)  for  takeoff,  ollmh,  descent, 
and  landing.  Only  one  minute  per  flight  (thirty 
secrcrts  for  takoff  taxi  and  thirty  seoonrts  for 
i using  thrust  reversal)  aooounts  for  the 
vibration  levels  which  ocntrol  tbs  T/C/L  test 
Specification.  Ihe  duration  aspeot  of  the 
test  specification,  along  with  the  foot  that 
eaoh  test  specification  oould  he  zednoed  if  it 
was  applied  to  a  single  model  of  aircraft 
Instead  of  the  composite  of  five  different 
aircraft,  must  hath  he  addressed  prior  to  the 
Implementation  of  these  transport  aircraft 
random  vibration  test  specifications. 


Figure  11a 


Figure  11c 


DEFINITIONS! 


FREQUENCY  HZ 

AIRCRAFT  CARSO  UIBRATION  -  TEST  SPECIFICATION 
CARGO  FLOOR  -  TAKEOFF/CLIMB/LAMHNB  -  UERTICRL 
StEPT  RANDOM  U I  BRAT  I  ON  -  IS  MIN  DURATION  -  SRM8-3.GS 
TURBO-JET  (CSB,  CSA.  C141.  NC13S)  AND 
TURBO-PROP  (C138.  0133) 


FREQUENCY  HZ 

AIRCRAFT  CARGO  UIBRATION  -  TEST  SPECIFICATION 
CARSO  FLOOR  -  CRUISE  -  UERTICAL 

SWEPT  RANDOM  UIBRATION  -  1  HR  DURATION  -  BRH8-1.73 
TURBO-JET  (CSB.  CSA.  C141.  NC13S)  AND 
TURBO-PROP  (C13Q*  C133) 


Figure  11b 


Figure  lid 
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FREOUENCY  HZ 

AIRCRAFT  CARSO  UIBRATION  -  TEST  SPECIFICATION 
CARGO  FLOOR  -  TRKECrF'CLIMB/LANDINB  -  HORIZONTAL 
RANDOM  UIBRATION  -  IS  MIN  PER  AXIS  -  BRMB-2.31 
TURBO-JET  (CSB.  CSA.  C141.  NCI 35 )  AND 
TURBO-PROP  (C13B.  C133) 


FREOUENCY  HZ 

AIRCRAFT  CARGO  UIBRATION  -  TEST  SPECIFICATION 
CARSO  FLOOR  -  CRUISE  -  HORIZONTAL 
RAMWM  UIBRATION  -  1  NR  «fl|  - 
TURBO-JET  (CSB.  CSA.  C141.  NC13S)  AND 
TURBO-PROP  (C13B.  C133) 
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SBOOC:  Die  analyzed  shook  data  lnoludad  seven 
different  shook  events.  A  landing  shook  wa 
■assured  on  each  of  the  three  flights.  Two 
Shooks  were  analyzed  during  taxi  prior  to  the 
takeoff  taxi.  Two  shocks  were  also  selected 
free  takeoff  taxi  far  study.  Table  4  Shows  the 
peak  accelerations  free  these  Shooks  for  all 
three  axes  and  monitor  looatlons.  The  landing 
Shook  (dearly  denisatee. 


Table  5. 

SuMoaxy  of  (306  Levels  free  CSB 
Raadce  Vibration. 


VIBRATION  ENVIRONMENT 

T/C/L 

ORCISB 

ACS 

SPEC* 

CSB 

SPEC* 

CSB 

VERTICAL 

3.63 

0.633 

1.73 

0.061 

TRANSVERSE 

S.31 

0.16.' 

0.78 

0.047 

LONGnUDDlAL 

3.31 

0.123 

0.78 

0.044 

*  See  Figures  0-10 


Thhle  4. 

Sunnary  of  Peak  G  Levels  free  CSB 
Shook  Data.  4 


ACS 

SKXX  fflVTRONMRTT 

LANDING 

TAKEOFF 

TAC 

LOFSFBBD 

TAC 

VERTICAL 

3.73 

3.10 

0.70 

TRANSVERSE 

ft  ... 

0.63 

0.38 

lOGETUBIKAL 

1.73 

0.61 

0.64 

4  Lowpass  Filtered  at  BOO  Hz 


The  Shook  data  analysis  procedure  Involved 
using  a  data  analysis  progrea  oallsd  EBARPB 
(Reference  10).  This  progrea  ocnputee 
different  types  of  Shook  characterisations  and 
then  computes  extresa  and  statlstlos  for  eaah 
enBBBhle  of  Shook  abazeoterlzatlons.  Absolute 
acceleration  Shock  pre^tra  (I  ad  Shock 
lnteelty  speot rr  'r-K  .note-  .  ti)  were  the 
two  charaoterlia,^  .ua  of  pc.  >>s  Interest  to  this 
study.  Figures  iaa-14b  Show  the  tine  histories 
and  shook  spectra  of  the  landing  Shocks  In  eaoh 
axis  hawing  the  highest  peak  aooelsratlons. 

Also  shown  for  oczparlson  on  the  SAA  plots  are 
the  shock  spectra  of  the  landirf  vl  -'ks  for  the 
CCA  which  chow  that  the  CSB  la*.'.  hooks  an; 
of  the  ease  magnitude. 


Figure  12a. 


Time  History  for  C9B  Vertical  Axis 
Landing  Shock  with  Highest  Peak  Accel¬ 
eration  (3.72  g). 


TIME  SECONDS 


Figure  12b. 

Shock  Spectrum  (SAA)  Plot  for  C9B  Vertical 
Axis  Landing  Shock  Compared  to  Corres¬ 
ponding  C5A  Data. 


is8  ib1  »uz 

FREQUENCY  HZ  (DAMPING  ■  0.B3) 
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Figure  13a. 

Time  History  for  C9B  Transverse  Axis 
Landing  Shock  with  Highest  Peak  Accel¬ 
eration  (0.75  g). 


Figure  14a. 

Time  History  for  C9B  Longitudinal  Axis 
Landing  Shock  with  Highest  Peak  Accelera 
tlon  (1,73  g). 


TIME  8EC0N08 


TIME  SECONDS 


Figure  13b. 

Shock  Spectrum  (SAA)  Plot  for  C9B  Transverse 
Axis  Landing  Shock  Compared  to  Corresponding 
C5A  Data. 


Figure  14b. 

Shock  Spectrum  (SAA)  Plot  for  C9B  Longl 
tudlnal  Axis  Landing  Shock  Compared  to 
Corresponding  C5A  Data. 


SOLID  -  CSS  (FIGURE  13A) 
DASH  -  CSA  I  REFERENCE  E> 


CSS  I  FI  BURE  14A) 
CSA  I  REFERENCE  6> 


* 


R  18* 


FREQUENCY  HZ  (DAMPING  -  8.03) 


FREQUENCY  HZ  ( DAMPING  ■  B.S3) 


lb*  plots  of  mnrrfw,  adalaoa,  sad  Man  8AA  sad 
818  are  sbmm  la  figures  is  sad  10, 
rampeatlvuly.  ibis  presentation  of  tbs  Stock 
epaotrue  plots  ladlokbas  tbs  dofres  of  sprasd 
in  tbs  data,  lbs  SIS  data  analysis  is 
important  tsoaasa  It  is  a  dixoot  reflection  of 
tba  frsqaanqy  oontant  of  tbs  shock  transients, 
sbl  Is  tba  SAA  plots  xsflaot  tba  sffsot  of  tbs 
■assured  abooks  on  slagla-dagraa  of-  fraadon 
osolllatoss  aboss  natural  frequency  is  stated 
on  tbs  absolasa  of  tbs  Sock  spsofam  plot. 

Fraa  tbs  standpoint  of  tost  spaol float icn,  both 
itw*  dMnaotsslsstlons  bs  used  to  w 
a  sat  of  shook  paisas  to  slsnlats  tbs  COB 
flight  shook  aevire— t  on  an  alactro- 
hydraulio  abaksr. 

figures  17a-o  stew  a  comparison  of  tbs  (SB 
shook  spaofcrum  acvalopos  and  oonespcndlng 
envelopes  for  forklift  ebook  (Rafexeuse  18) 
vbioh  is  another  oessen  traneporatlon 
envirouwnt.  Hie  foot  that  the  forklift  Shook 
envelops  the  aircraft  Shook  has  led  to  a 
general  oonoluslon  that  a  separate  set  of 
slaulated  aircraft  ebook*  does  not  need  to  be 
done  If  tbs  structure  being  qualified  for 
aircraft  transport  has  already  been  qualified 
for  forklift  transport.  In  oceparlson  to 
forklift  ebooks,  COB  aircraft  Shooks  are  low. 


Figure  15b. 

Stannary  of  C9B  Transverse  Shock  Analysts 
Absolute  Acceleration  Shock  Spectra  (SAA) 
Maxlmum/Mlnlmum/Maan  of  Seven  Taxi  and 
Landing  Shocks  at  Middle  and  Back  Cargo 
Bay  Locations. 


Figure  15a. 

Summary  of  C9B  Vertical  Shock  Analysis  - 
Absolute  Acceleration  Shock  Spectra  (SAA). 
Maximum/Minimum/Mean  of  Seven  Taxi  and 
tending  Shocks  at  Middle  and  Back  Cargo 
Bay  Locations. 


Figure  15c. 

Summary  of  C9B  Longitudinal  Shock  Analysis 
Absolute  Acceleration  Shock  Spectra  (SAA). 
Maxlmum/Mlnlmum/Mean  of  Seven  Taxi  and 
Landing  Shocks  at  Middle  and  Back  Cargo 
Bay  Locations 
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Figure  16a. 


Figure  16c. 


Suamry  of  C9B  Vertical  Shock  Analysis  - 
Shock  Intensity  Spectre  IS). 

Max: mmjfix nl muin/Mean  of  „even  Taxi  and 
Landing  Shocks  at  Middle  and  Back  Cargo 
B«y  Locations. 


Suanwry  of  C9B  Longitudinal  Shock  Analysis 
Shock  Intensity  Spectra  (SIS). 
Mex1mu*/M1n1sMn/Mean  of  Seven  Taxi  and 
Landing  Shocks  at  Middle  and  Back  Cargo 
Bay  Locations. 


10®  i«i  10® 

FREQUENCY  HZ  (DURATION  ■  Z  RFC) 


10*  10>  10® 
FREQUENCY  HZ  (DURATION  -  2  SEC) 


Figure  16b. 

Sunaary  of  C9B  Transverse  Shock  Analysis  - 
Shock  Intensity  Spectra  (SIS). 
MaxIaua^MInliMe/Mean  of  Seyen  Taxi  and 
Landing  Shocks  at  Middle  and  Back  Cargo 
Bey  Locations. 


Figure  17a. 

Coeparlson  of  Shock  Spectra  (SAA)  between 
C9B  Vertical  Axis  Shock  Envelope  (Figure 
15a)  and  Forklift  Vertical  Axis  Shock 
Envelope  (Reference  4). 


1  . I _ .  . . Hri 

10*  ljl  10® 

FREQUENCY  HZ  (DURATION  ■  2  OEC> 


10“  IB1  10® 

rAEOUENCY  HZ  ( DAMPING  •  @,03) 
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Figure  17b. 

Conpar1&on  of  Shock  Spectra  (SAA)  between 
C9B  Transverse  Axis  Shock  Envelope  (Figure 
15b)  and  Forklift  Transverse  Axis  Shock 
Envelope  (Reference  4). 


Figure  17c. 

Comparison  of  Shock  Spectra  (SAA)  between 
C9B  Longitudinal  Axis  Shock  Envelope 
(Figure  15b)  and  Forklift  Longitudinal 
Axis  Shock  Envelope  (Reference  4). 


is®  ie> 

FREQUENCY  HZ  (DAMPING  >0.03) 
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Tba  field  tact  mease  .font  and  analysis  of  C9B 
random  vibration  aod  shook  data  has  produosd  a 
set  of  data  which  will  be  an  important  addition 
to  ths  DCB/ECD  ttwixc—tal  Data  Bask.  The  COB 
shook  and  vibration  anylrcrmmnta  wars  generally 
benign.  A  modification  to  the  existing 
alraraft  random  vibration  tost  specification 
xaaultad  from  tba  measurements  aada  on  the  cat.. 
The  aaasuramacrt  and  data  analysis  teohniquoe 
used  la  this  paper  Aould  ha  of  use  la  future 
Milaavcu’B  to  asasuia  operational  transport 
environments.  Computerised  data  arjlyisla  and 
manipulation  vara  a  fundamental  port  of  tba  C9B 
data  analysis  la  that  they  allowed  tba 
nynthaals  of  over  son  data  ourvee  into  the  data 
puoosnted  la  this  data  summary.  High  regard  for 
data  integrity  was  maintained  during  tba  C8B 
flight  teats  and  neons  to  he  monitored  la  all 
future  data  vhloh  are  destined  for  an 
environmental  data  hank  suoh  as  tba  one  at 
Sandia.  It  is  hoped  that  tba  COB  random 
vibration  data  as  wall  as  tba  general  oargo 
alraraft  random  vibration  test  specifications 
and  techniques  detailed  la  this  paper  will  he 
of  use  to  other  engineers  responsible  for 
evaluating  tba  oaphbllty  of  struotures  carried 
as  cargo  on  military  airorrft. 
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COMPREHENSIVE  INFLIGHT  VIBRATION  AND  ACOUSTIC  TESTING 


Phyllis  G.  Bolds 

Air  Force  Wright  Aeronautical  Laboratories 
Wrlght-Patterson  Air  Force  Base,  Ohio  45433-6553 


The  Air  Force  Flight  Dynamics  Laboratory  has  obtained  Inflight 
vibration  and  acoustic  data  on  a  series  of  operational  aircraft  for 
the  upgrading  of  environmental  design  criteria  cud  verification  of 
dynamic  prediction  techniques.  The  many  uses  of  ♦'  data  from  the 
most  recent  comprehensive  Inflight  survey,  the  F-L „E  aircraft,  are 
presented  In  this  paper.  In  addition  to  acquiring  the  dynamics  data 
In  a  timely  manner,  cost  effectiveness,  analysis  techniques  derived. 
Instrumentation  developed,  and  the  expertise  gained  make  a  survey 
of  this  type  most  attractive  to  the  Air  Force. 


INTRODUCTION 

In  the  past  the  Air  Force  has  conducted 
comprehensive  Inflight  vibration  and  acoustic 
tests  on  current  and  experimental  vehicles  to 
determine  their  dynamic  environment.  These 
dynamics  data  have  been  used  In  the  areas  of 
human  comfort,  equipment  Installations  and 
structural  dynamics.  These  data  are  readily 
available  for  use  In  solving  problems  that 
occur  In  the  operation  of  military  aircraft. 
Since  many  Air  Force  vehicles  remain  In  the 
Inventory  for  decades  and  undergo  numerous 
changes  In  purpose  and  design,  this  Informa¬ 
tion  Is  Invaluable  to  the  aircraft  manufactur¬ 
ers  and  the  Department  of  Defense.  The 
dynamics  data  gained  from  Inflight  testing, 
can  also  be  used  to  help  make  coammrclal 
applications  of  similar  aircraft  more  safe. 

The  objective  of  this  paper  Is  to  take  a 
look  at  the  many  ways  these  dynamics  data 
have  been  used  In  the  past  and  coeamnt  on  the 
potential  savings  In  time  and  dollars  gained 
by  conducting  these  surveys  on  dedicated 
aircraft.  As  a  result  of  this  potential  cost 
savings.  It  Is  recoonended  that  weapon  systems 
be  made  available  by  the  Air  Force  to  conduct 
similar  comprehensive  studies.  The  Flight 
Dynamics  Laboratory's  Vibration  and  Acoustic 
Branch  has  the  capability  for  acquiring, 
analyzing  and  Interpreting  Inflight  dynamics 
measurements. 

The  utilization  of  these  data  has  been 
very  beneficial  to  the  Air  Force.  These  data 
have  been  used  In  various  ways  such  as;  to 
verify  empirical  vibration  prediction 
methods,  define  vibration  transmission  paths 


within  the  aircraft,  fine-tune  laser 
control,  define  the  aero-acoustic 
environment  In  the  internal  weapons  bay, 
establish  airframe  identification  using  the 
vibration  signature  of  the  aircraft,  update 
vibration  test  methods  for  equipment, 
Mll-Std-810,  and  many  more. 

The  results  of  this  program  were 
documented  In  Ref.  1  In  three-parts,  AFWAL- 
TR-81-3182,  "F-111E  Flight  Vibration  and 
Acoustic  Test  Program,"  Part  I,  Test  Instru¬ 
mentation,  Test  Procedure  and  Data  Re¬ 
duction,  April  1982;  Part  II,  Statistical 
Analysis  of  Overall  RMS  Measurements;  and 
Part  III,  Spectral  Data  Presentation. 

The  Vibration  and  Acoustic  Branch  of 
the  Air  Force  Wright  Aeronautical 
Laboratories  Is  used  for  recording  end 
analyzing  dynamics  data.  New  Instrumenta¬ 
tion  systems  have  made  possible  a  signifi¬ 
cant  Increase  In  the  quality  of  measure¬ 
ments  which  can  be  acquired  to  define  the 
dynamic  environment  in  various  aircraft, 
missiles,  and  ground  support  equipment. 

The  Branch  has  developed  over  the  years 
sensors,  tape  recorders,  amplifiers  and 
other  signal  conditioning  equipment  to 
acquire  Inflight  dynamics  data.  They  have 
studied  packaging  and  miniaturization  for 
the  design  of  onboard  Instrumentation  while 
Increasing  the  accuracy  and  dynamic  range  of 
this  equipment  by  using  pulse  code 
modulation  (PCM)  encoding  and  recording 
techniques.  An  example  of  the  research  and 
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development  conducted  by  the  laboratory.  Is 
the  miniaturizing  of  the  signal  conditioning 
equipment  as  shown  In  Figure  1.  We  have 
Included  In  the  endeavor  to  optimize  our 
capability,  the  Implementation  of  the  latest 
analysis  techniques  used  to  define  the 
dynamic  environment  and  to  solve  potential 
problems.  These  analysis  and  statistical 
techniques  are  contained  In  Ref.  2, 
"Compendium  of  Methods  for  Applying  Measured 
Data  to  Vibration  and  Acoustic  Problems," 

May  1986. 

The  acquisition  equipment  Includes  a 
wide  selection  of  modern  dynamics  trans¬ 
ducers,  signal  conditioners,  and  tape 
recorders.  Figure  2  Is  a  picture  of  the 
onboard/ portable  tape  recorder  system. 

In  addition,  the  Branch  has  available  two 
mobile  data  acquisition  and  analysis  vans 
which  are  completely  self-contained.  They 
are  used  for  on-site  data  acquisition  such 
as  related  wind  tunnel  tests,  flyover 
acoustic  tests,  runway  roughness  measure¬ 
ments,  etc.  The  pictures  of  the  vans  are 
shewn  In  Figures  3  and  4. 

The  process  of  obtaining  dynamics  data 
and  storing  It  fc-  subsequent  retrieval  and 
processing  can  be  sunnarlzed  Into  five  major 
tasks:  transduction,  signal  conditioning, 
recording,  data  verification  and  record 
keeping. 

To  reduce  the  large  quantities  of  data 
to  a  usable  form,  processing  techniques 
based  upon  the  use  of  spectrum  analyzers  and 
mini-max  computers  a'-e  employed.  Figure  5 
shows  the  computer  system  used  to  process 
these  measured  data.  The  processes  for  data 
analysis  are  retrieval  and  editing,  analog- 
to-  digital  conversion  (If  required), 
spectral  and  statistical  analysis,  and 
graphic  presentation.  A  discussion  of  the 
measurement  and  analysis  capabilities  are 
contained  In  Reference  3. 

TEST  DESIGN 

Test  Vehicle  Description.  The  F-111E 
aircraft  Is  a  two-place,  all-weather,  high  or 
low  altitude,  supersonic,  tactical  fighter/ 
bomber.  The  aircraft  has  dual  controls  and 
requires  a  crew  of  two  seated  side-by-side. 

It  provides  the  pilot  with  the  Inflight 
capability  to  select  any  angle  of  wing  sweep 
between  16  and  72.5  degrees  respectively. 

The  aircraft  has  full  span  Fowler  action, 
double  slotted  trailing  edge  flaps,  and  Is 
powered  by  two  TF30  jet  after-burning  engines 
Internally  mounted  In  the  fuselage.  The 
aircraft  has  a  conventional  tricycle  gear 
with  the  main  one  as  a  single  assembly.  It 
has  a  large  vertical  stabilizer  and  a 
conventional  rudder  plus  ventral  strakes 
located  on  the  lower  portion  of  the  engine 
access  doors  approximately  30  degrees 
from  the  vertical. 


Test  Instrumentation.  In  the  airborne 
acquisition  system,  104  accelerometers  and 
29  microphones  were  used  for  measuring  the 
vibration  and  acoustic  environment  through¬ 
out  the  aircraft.  The  signal  conditioning 
and  recording  Instrumentation  consisted  of  a 
12  position  switch  box,  a  tape  recorder,  a 
portable  data  acquisition  system,  a  time 
code  generator,  voice  from  the  aircraft 
Intercom  system,  six-channel  automatic  gain 
changing  amplifier  boxes,  an  In-house 
fabricated  programnable  transfer  box,  a  pair 
of  frequency  multiplexers  each  consisting  of 
two  voltage  control  oscillators  and  one 
mixer  amplifier. 

Data  Acquisition.  Dynamics  data  were 
recorded  for  test  conditions  which  Included 
ground  run-up,  take-off,  climb,  level 
acceleration  and  deceleration  runs,  side¬ 
slip,  turns,  stabilized  flight,  gunfiring 
passes,  landing,  and  standard  maneuvers. 

The  data  were  recorded  during  preplanned 
conditions  for  up  to  3  to  5  minutes. 

Data  Analysis  and  Presentation. 

Analog  tapes  recorded  during  the  flights 
were  analyzed  by  the  Structural  Vibration 
and  Acoustic  Branch  at  WPAFB,  Ohio. 
Root-Nean-Square  time  histories  Indicated 
whether  these  data  were  reasonable  and 
stationary.  The  power  spectral  density  of 
these  vibration  data  was  computed  using 
standard  Fast  Fourier  Transform  (FFT) 
techniques.  The  amplitudes  of  the  acoustic 
data  were  presented  In  sound  pressure  levels 
and  the  frequencies  in  one- third  octave 
bands. 

The  feedback  from  the  use.s  of  these 
data  assists  In  the  design  of  future  compre¬ 
hensive  studies.  It  provides  information 
such  as  location,  frequency-range  selection, 
the  analysis  to  be  accomplished  and  data 
presentation. 

USERS  OF  F-111E  DYNAMICS  TEST  DATA 

The  test  data  were  used  In  AFWAL  to 
support  the  In-house  program  'Dynamics 
Environment  on  Current  and  Future  Air  Force 
Vehicles,"  to  enhance  the  vibration  analysis 
and  testing  technology  by  verifying  the 
empirical  vibration  prediction  methods  and 
the  vibration  transmission  study.  The 
acoustic  measurements  were  used  In  c  similar 
manner  to  validate  prediction  methods  Ip  the 
design  of  spoilers  to  be  Installed  to  con¬ 
trol  the  internal  weapons-bay  aero-acoustic 
environment.  The  measured  fluctuating 
pressings  were  sensitive  to  Mach  nuntoer, 
flight  altitude,  test  configuration  and 
location.  The  results  of  this  study  were 
published  In  AFWAL-TM-81-69-FIBE,  "Full 
Scale  Flight  Evaluation  of  Suppression 
Concepts  for  Flow-Induced  Fluctuating 
Pressures  In  Cavities,"  Ref.  4, 
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Figure  2.  Onboard/Portable  Data  Acquisition  Package 


150 


151 


Figure  4.  Data  Acquisition  Van 
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Figure  5.  Mini -Max  32-B1t  Ccaputer  with  7.5  Megabytes  of  Mee»ry 
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The  contractual  program  to  Identify 
aircraft  type  from  their  vibration  character¬ 
istics  by  the  use  of  radar  return  signals, 
utilized  these  data  to  launch  their  feasi¬ 
bility  study.  Not  only  did  the  F-111E  data 
play  a  major  part  in  this  program  by  repre¬ 
senting  the  flghter/bomber  class,  other  data 
from  the  dynamics  data  bank  maintained  by  the 
Flight  Dynamics  Laboratory  from  previous 
comprehensive  studies  were  used  to  represent 
other  classes  of  aircraft. 

These  data  were  used  to  develop  a 
computer  simulation  program  as  a  design  tool 
for  an  airborne  laser  transmission  system. 
This  program  Investigated  the  possibility  of 
designing  a  system  to  establish  the  specifi¬ 
cations  for  each  component  that  will  Insure 
desired  output  performance.  The  results  of 
this  study  is  documented  In  AFWAL-TR-85-3008, 
"Computer  Simulation  For  Vibration  Control 
of  Laser  Transmission,"  Ref.  5. 

Numerous  requirements  were  received  by 
those  responsible  for  the  Installation  of 
vibration  sensitive  equipment  such  as: 
camera  mounts,  radar  units,  and  other  avionic 
Instrumentation.  The  measured  data  to 
customize  the  vibration  specification  test 
were  supplied. 

Aeronautical  Systems  Division  utilized 
these  dynamics  data  to  a  large  degree.  All 
of  the  data  were  used  to  update  the  dynamics 
qualification  test  criteria  and  techniques 
publication.  They  were  also  used  to  re¬ 
define  and  augment  the  dynamics  test  methods 
of  Mll-Std-810.  Because  the  data  were 
measured  during  gunfire  and  non-gunfire,  they 
were  used  to  evaluate  gunfire  vibration 
prediction  methods.  This  program  provided 
low-altitude  high-speed  vibration  data  for 
the  development  of  specifications  for  the  new 
terrain-following  radar  unit. 

These  data  were  used  by  the  contractor 
responsible  for  the  verification  of  the  pre¬ 
dicted  specification  for  the  F-lll  Tall 
Warning  System  to  be  Installed  In  the 
vertical  tall  pod  asseafcly.  The  results 
from  this  study  were  presented  at  the  52nd 
Shock  and  Vibration  Symposium  and  published 
in  the  proceedings,  "Determination  of  the 
Dynamic  Environment  of  the  F/F8-111  Tall 
Pod  Assenfcly,"  Ref.  6.  From  the  analysis  of 
this  study,  the  vibration  data  exceeded  the 
requirements  specified  by  ASD  In  the  300  to 
500  Hz  range.  The  data  did  not  allow  a 
sufficient  cushion  for  endurance  testing  for 
many  of  the  transient  conditions.  The 
recoomendation  was  made  to  shock  mount  the 
equipment  In  the  low  frequency  range  or  find 
another  location  within  the  aircraft  to 
Install  this  vibration  sensitive  electronic 
equipment. 


COMPARATIVE  INFLIGHT  TESTING  COST 

The  total  cost  for  test  and  evaluation 
for  an  aircraft  in  the  F-111E  class  has  more 
than  doubled  since  these  measurements  were 
made.  If  each  test  that  this  dynamics  data 
satisfied  had  been  conducted  Individually, 

It  would  have  cost  the  Air  Force  aoproxl- 
mately  fifteen  times  the  Initial  resources, 
not  Including  the  expertise,  Instrumentation 
and  equipment  to  acquire,  analyze  and 
Interpret  these  measurements. 

These  data  were  utilized  to  complete 
many  programs  that  could  not  otherwise 
obtain  flight  test  data;  therefore,  these 
programs  would  p-obably  never  have  been 
accomplished  or  empirically  verified. 

Less  than  20X  of  these  programs  would  have 
been  completed  and  this  technology  would  not 
be  available  now. 

CONCLUSIONS 

The  many  uses  of  these  data  have  been 
mentioned  here  to  give  the  reader  some  Idea 
of  the  Importance  of  having  vibration  and 
acoustics  data  available  In  an  Air  Force 
maintained  data  bank  to  support  the  numerous 
quick  turn-around  customized  tests  required 
on  operational  and  future  flight  vehicles. 

It  appears.  In  the  best  Interest  from  a 
technical  and  economical  viewpoint,  that  the 
Air  Force  should  continue  'o  conduct  compre¬ 
hensive  vibration  and  acoustic  surveys  on 
dedicated  aircraft. 
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VIBRATION  ANALYSIS  AND  TEST 


EVALUATION  OF  VIBRATION  SPECIFICATIONS 
FOR  ACOUSTIC  ENVIRONMENTS 


L.  T.  Nguyen  and  O.  J.  Zeronian 
Northrop  Corporation,  Electronics  Division 
Hawthorne,  California 


To  properly  design  any  structure,  it  is  necessary  to  determine  the  effects  of  various 
environments,  vibration,  shock,  etc.,  on  that  structure.  Usually  the  environment  which  has 
the  worst  effect  will  be  used  as  the  design  criteria  for  comparison  with  the  static  (yield  or 
ultimate)  material  allowables.  Analysing  the  same  structure  under  all  of  the  various 
environments  can  be  time  consuming  and  costly.  A  method  has  been  devised  previously  to 
allow  for  various  environments  10  be  compared  to  each  other  to  select  the  highest  load  or 
acceleration  producing  environment.  The  proposed  paper  introduces  a  technique  which 
extends  the  above  method  and  allows  an  additional  environment,  acoustic  vibration,  to  be 
compared  with  sine,  random  vibration  and  shock  environments.  Furthermore,  these 
techniques  enable  all  dynamic  environments  to  be  added  together  so  only  a  single  stress 
analysis  of  the  structure  is  needed  for  combined  environments. 


INTRODUCTION 

The  typical  approach  to  decide  the  design 
environment  for  a  structure  is  to  perform  complete 
analyses  based  on  several  environments,  such  as  sine 
vibration,  shock  and  random  vibration.  Once  this  is 
done,  the  resulting  stresses  and  deflections  are 
compared  to  the  yield  strength  of  the  material  to 
determine  the  resulting  margins  of  safety  for  all 
environments.  This  can  become  both  time  consuming 
and  costly.  Ref.  3  describes  a  method  whereby  these 
three  specific  environments  can  be  initially  compared 
to  each  other  and  the  moat  severe  determined  prior 
to  any  detailed  structural  analysis.  This  approach 
allows  for  a  structural  analysis  to  be  completed  for 
the  worst  environment  without  having  to  perform 
similar  analyses  for  all  the  other  less  severe 
conditions.  Another  advantage  to  this  method  is  the 
ability  to  add  environments  together,  if  required,  to 
do  only  one  stress  analysis  for  the  structure  under  all 
combined  environments. 

The  "Quick  Look"  method,  described  in  Ref.  3, 
is  the  basis  for  this  comparison.  Sine  vibration,  shock 
and  random  vibration  spectra  are  each  expressed  in 
different  units.  This  method  shows  how  to  convert 
each  of  these  environments  into  common  units  of  g 
response  versus  hz.  Once  this  conversion  has  been 
performed,  the  different  environments  can  then  be 
plotted  on  a  single  graph.  For  any  desired  frequency 
range,  the  liighest  curve  on  the  graph  will  represent 
the  worst  environment  for  that  range.  This 
particular  spectrum  can  then  be  used  for  the  final 
structural  analysis. 

The  purpose  of  this  paper  is  to  provide  for  the 
inclusion  of  the  acoustic  vibration  environment  along 
with  the  other  previously  mentioned  environments. 
Using  the  proposed  method,  it  is  possible  to  quickly 


determine,  for  sine,  shock,  random  and  now  acoustic 
excitation,  which  one  will  be  the  moot  important  to 
consider  for  the  structural  design. 


GENERAL  APPROACH 


There  ere  three  main  conversions  involved  to 
change  the  acoustic  spectrum  of  decibels  versus 
frequency  into  g  response  versus  frequency! 

1)  Conversion  from  sound  pressure  level  (SPL)  in 
decibels  (db)  to  power  spectral  density  (PSD)  in 
terms  of  pst3/ha> 


This  entails  calculation  of  the  pressure  for  each 
bandwidth  in  the  spectrum,  based  on  one  octave 
or  one-third  octave  divisions.  From  Ref.  4,  the 
SPL  of  the  center  frequency  F0  of  each  bandwidth 
is  defined  ast 

ML««»  p)t 


where  Ppc 
PR 

giving  Ppc 


-  pressure  at  Fe 

=  reference  standard  sound 
pressure  at  3.9  x  10“®  psi 


With  Pp  known,  the  PSD  in  terms  of  psifyhx  can 


be  computed  using  PSD « 


where  Bis  the 


bandwidth  (ha).  From  Fig.  1,  B  is  the  difference 
between  the  end  frequencies  of  the  bandwidth 
(i.e.  B  »  F j  -  Fi). 
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LOO  8  PL  (dBI 


2) 


From  Ref.  2: 

Fj  =  2n  Fi  rhere  n  =  j,  or  1  depending 
on  the  bend  divisions 

Fc  WF1F2  =  ^2"fiS  =  2^1 


Therefore  Fj  =  and 


*3  =  2"  5^2 


2n/2FP 


giving  B  =  Fc  (2n/a-2"n/8) 
Conversion  from  PSD  (psi3/hs)  to  PSD  (g3/hs}t 


The  acoustic  pressure  is  det~.«Miit  on  the  sound 
velocity  and  the  thickness  of  the  medium  the 
sound  is  passing  through.  With  this  relationship, 
it  is  possible  to  perform  this  particular  step  in 
the  conversion. 


By  using  F 
where  F 
m 

a 

P 

A 


ma  and  F  =  PA, 
force  (lbs) 

mass  of  the  structure 
(lb  aee3/ln) 

acceleration  felt  by  the 
structure  (in/sec3) 

acoustic  pressure  acting  on 
the  structure  (lb/in2) 

surface  area  of  the 
structure  (in3) 

roa  =  PA  (1) 


Since  m  is  defined  as  the  product  of  the  volume 
v  of  the  structure  and  the  density  p  of  the 
material,  m  can  be  rewritten  ass 


m 


.  tAP 

"35574 


(2) 


where  t  =  thickness  of  the  structure  (in) 


o  =  density  of  the  material  (lb/in3) 


386.4  in/sec3  =  gravity 


Substitute  eq.  (2)  for  m  into  Eq.  (1): 


tAP 

386.4 


a 


PA 


a  .  P 

356.4  “  Fp 

is  known  as  "g".  Therefore  Bq.  (3) 
becomes 


(3) 


With  PSD  in  terms  of  psi3/hs  from  conversion  (1) 
and  Bq.  (4),  PSD  in  units  of  g3/hz  can  be 
calculated 


This  conversion  procedure,  although  simple,  is 
dependent  on  the  thickness  and  density  of  the 
structure.  For  oases  of  structures  with  non- 
uniform  thickness  and/or  density,  only  worst 
case  acoustic  environment  can  be  evaluated  for 
g  response  using  the  smallest  thickness  and/or 
density. 

3)  Conversion  from  PSD  (g3/ha)  to  g  response: 

Using  the  procedure  explained  in  Ref.  3  for 
random  vibration,  PSD  in  g3/ha  can  be  converted 
to  g  response. 

g  response  =  S^fg^ 
where  f  =  frequency  (ha)  of  the  spectrum 
gm  *  PSD  (g3/hs)  at  f 
Q  *  amplification  factor 

=  ratio  of  assumed  to 

c  critical  damping 

After  these  three  conversions  have  been  performed, 
the  new  acoustic  spectrum  can  be  (dotted  along  with 
the  other  environments  in  common  units  of  g  response 
versus  frequency. 

PBOCEDUBB 

The  following  example  demonstrates  how  this  method 
is  utilised. 

An  A1-707S  plate  clamped  as  shown  in  Fig.  2  is 
subjected  to  four  dynamio  environments  in  the  a 
direction  with  Q  =  SO. 
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4)  Sim 


3 

f 


(10.  1) 


(2000.  1) 


FREQUENCY  (Hi) 


Pig.  2  -  Clamped  Plate 

1)  Acoustic  field  -  144  db  overall,  1/3  octave  band 
divisions 


Fig.  3  -  Acoustic  Spectrum 
2)  Random  Vibration  -  13gRMg 


3)  Shock 


Pig.  5  -  Shock  Spectrum 


Fig.  8  -  Sim  Environment 

From  Ref.  3,  environments  (2)  to  (4)  can  be  converted 
to  g  response  versus  frequency. 

For  environment  (1),  first  use  conversion  (1)  to  find 
PSD  in  psi3/ha. 


TABLE  1 

Conversion  of  SPL  to  PSD  (psi3/ha) 


*c 

(ha) 

SPL 

(db) 

P 

(lb/in3) 

B 

(ha) 

P3D 

(psi3/ha) 

20 

107 

6.402E  -  4 

4.6 

9.101E  -  8 

200 

133 

1.295B  -  2 

46.3 

3.623B  -  6 

800 

133 

1.205E  -  2 

185.2 

9.058E  -  7 

10000 

122 

3.651B  -  3  2315.8 

5.756B  -  9 

Change  from  psiJ/h*  to  g3/ha  using  t  =  0.1  in, 
P  =  .1  lb/in3 


TABLE  2 

Conversion  of  P8D  to  g3/ha  unit 


FC 

(ha) 

PSD 

(psi3/ha) 

PSD 

(g2/ha) 

20 

9.101E  -  8 

9.101B  -  4 

200 

3.623E  -  6 

3.623B  -  2 

800 

9.058E  -  7 

9.058B  -  3 

10000 

5.756E  -  9 

5.756E  -  5 

Finally  from  g3/hs  to  g  response 


TABLE  3 

Conversion  of  g3/h*  to  g  response 


Fc 

(ha) 

PSD 

(g3/ha) 

g  response 

20 

9.101E  -  4 

4 

200 

3.623E  -  2 

72 

800 

9.058E  -  3 

72 

10000 

5.756E  -  5 

20 
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Fig.  7  shows  all  four  environments  plotted  in  common 
units  of  g  response  versus  frequency.  If  the  combined 
environments  ere  required  for  the  structural  analysis, 
the  spectrum  (represented  by  the  dash  line — in 
Fig.  7)  can  be  used  instead  of  analysing  eveiy 
separate  load  ease  and  then  adding  the  stresses  from 
each  load  ease.  This  spectrum  is  a  result  from  adding 
all  four  environments  shock,  acoustic  field,  sine  and 
random  vibration  which  the  plate  is  subjected  to. 

It  can  be  seen  that  the  shock  environment  is 
dominant  for  frequencies  above  150  H*  while  the  sine 
environment  is  the  worst  environment  for  frequencies 
below  150  Hr .  Another  advantage  to  this  analysis 
approach  is  Me  ability  to  add  environments  together, 
if  required,  to  do  only  one  stress  analysis  for  the 
structure  under  all  combined  environments  since  all 
environments  now  have  common  units. 

The  results  of  a  structural  aiudysis  are  usually 
compared  to  the  static  material  allowables.  While 
this  usually  produces  satisfactory  results,  it  does  not 
take  into  account  the  effects  of  fatigue.  Ref.  1 
describes  a  method  which  allows  for  this  lower 
dynamic  allowable  to  be  used  for  comparison.  This 
method  is  applicable  for  -andom  vibration  environ¬ 
ments.  Acoustic  vibration  is  a  form  of  random 
vibration,  and  thus  this  method  applies  as  well  to 
vibration  analysis  involving  an  acoustic  spectrum. 


ITUs  allows  for  a  more  comprehensive  analysis, 
especially  when  fatigue  becomes  an  important 
consideration. 

CONCLUSION 

By  using  the  proposed  method  along  with  those 
described  in  the  two  references,  (1)  and  (3)  it  is  now 
possible  to  quickly  determine  which  environment,  of  a 
broader  range  of  environments,  will  have  the  worst 
effect  on  a  structure.  This  environment  can  then  be 
used  for  the  final  analysis,  with  the  net  result  being  a 
great  savings  in  analysis  time  and  coat. 
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FATIGUE  EFFECTS  OF  A  SWEPT  SINE  TEST 


A.  E.  GALEF 

TRW  ELECTRONICS  AND  DEFENSE 
REDONDO  BEACH,  CALIFORNIA 


There  Is  considerable  equipment  In  the  field  that  was  procured  before  the 
superiority  of  a  random  test  over  a  sinusoidal  test  was  generally  acknowl¬ 
edged.  This  paper  developes  a  procedure  which  (based  upon  the  usual 
simplifying  assumptions)  can  be  used  In  same  cases  to  estimate  the  capa¬ 
bility  of  equipment  which  has  been  tested  only  by  an  exponential  sine 
sweep  to  withstand  more  realistic  environments. 


Symbols 

C  Constant  defined  In  text 

Da  fatigue  damage  In  one  cycle  of 
vibration 

Dd  fatigue  damage  done  In  a  sinusoidal 
dwell  at  resonance 

Dr  fatigue  damage  done  In  a  random  test 
Ds  fatigue  damage  done  In  a  sine  sweep 

F  Frequency  of  mode  of  major  response 

f  Instantaneous  frequency 

fo»  ff  Initial  and  final  frequency  of  sine 
sweep 

Q  amplification  at  resonance 

(frequency  F);  Q  -  l/(2r) 

R  sweep  rate.  In  octaves/second 

ft  R/number  of  sweeps  (from  f0  to  ff)  In 
a  sweep  test 

S  sinusoidal  excitation  amplitude 

T<j  time  of  a  sinusoidal  dwell  test 

Tr  time  of  a  random  test 

W  excitation  spectral  density  at 

frequencies  In  the  neighborhood  of  F 
y  exponent  of  stress  In  materia!  fatigue 
expression 

C  damping  In  mode  of  major  response,  as 
fraction  of  critical  damping. 

INTRODUCTION 

In  one  of  my  earliest  papers  (Reference  1)  It 
was  claimed  that  "It  Is  no  longer  controver¬ 
sial  to  state  that  the  bulk  of  vibration  which 
Is  measured  on  trucks,  aircraft  and  missiles  Is 
random  vibration—".  Given  hindsight,  we 
must  recognize  that  that  claim  was  premature  at 
best;  It  was  not  until  23  years  after  r.'esenta- 
tlon  of.  Reference  1  that  the  current  (D)  revi¬ 
sion  of  MIL-STD-810  reflected  the  acceptance  of 
that  verdict,  and  considerable  equipment  Is 
still  being  procured  to  environmental  docu¬ 
ments  whose  vibration  tests  are  limited  to 
sine  sweeps. 


The  question  of  the  ability  of  equipment  In  the 
field,  procured  under  earlier  versions  of 
MIL-STD-810  or  other  equivalent  documents,  to 
withstand  the  more  rational  vibration  tests 
currently  being  prescribed  Is  now  frequently 
being  asked.  Answers  are  readily  constructed, 
using  References  2,  3,  subject  to  the  usual 
simplifying  assumptions  that- 

e  The  equipment  of  concern  has  only  one 
significant  (major  stress-causing) 
resonance  within  the  test  frequency 
band.  Stress  Is  very  nearly  propor¬ 
tional  to  the  acceleration  response  In 
that  mode. 

a  The  equipment  Is  linear  and  viscously 
damped;  the  damping  In  the  major  mode 
Is  known  within  reasonable  limits. 

e  The  failure  mechanism  of  concern  Is 
peak  (Instantaneous)  stress  levels. 

A  probabilistic  conclusion  Is 
acceptable. 

If  the  sinusoidal  test  that  had  been  performed 
Included  dwell  at  resonance,  or  if  the  sine 
sweep  was  sufficiently  slow  and/or  the  damping 
was  sufficiently  high  to  approach  or  reach  the 
limiting  case  (peak  response  proportional  to  Q) 
of  the  Lewis  (Reference  2)  study,  the  proce¬ 
dures  Involved  In  comparing  the  peak  response 
levels  of  the  sinusoidal  and  random  test  are 
shortened  slightly,  but  in  this  case  both  the 
random  dwell  and  the  sinusoidal  sweep  may  have 
sufficient  fatigue  Impact  that  the  "peak  level" 
criteria  would,  very  likely,  be  Insufficient. 

In  this  case  the  third  of  the  "usual  simplify¬ 
ing  assumptions"  cited  above  would  be  replaced 
by  the  further  simplifications: 

a  The  failure  mechanism  of  concern  Is 
fatigue. 
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•  The  (single-level)  fatigue  character¬ 
istics  of  all  Materials  of  the  equip¬ 
ment  can  be  reasonably  approximated 
by  straight-line  plots  of  stress  vs. 
number  of  cycles,  on  log-log  grid. 

The  slopes  of  these  lines  are  known 
within  reasonable  limits. 

a  Miner's  law  for  cumulative  fatigue 
damage  (Reference  4)  holds. 

For  the  case  of  the  resonant  dwell  the  compar 
Ison  of  severetles  Is  easily  derived  given 
the  above  assumptions.  The  results,  as 
presented  In  Reference  5*  among  others,  con¬ 
clude  that  equivalent  fatigue  damage  will 
occur  In  the  same  amount  of  time  provided  the 
following  relationship  between  the  sinusoidal 
excitation  S  and  the  random  spectral  density 
W  holds- 

S  ■  (iiFW/Q)1*  r(J+l)VY  (1) 

If  the  sinusoidal  dwell  time,  Td,  differs 
from  the  random  duration  Tr,  Eq.  1  Is 
modlfled- 


S  -  (wWF/q)1*  r(£  +  Dj  */Y  (2) 


In  response  to  tho  practical  difficulties  In 
Identifying  Internal  resonances  the  “dwell" 
portion  of  sinusoidal  tests  had  been  Increas¬ 
ingly  often  deleted  from  vibration  tests. 

As  an  example,  the  "B"  (1967)  revision  of 
MIL-STD-810  contained  a  30  minute  dwell  at 
each  resonance  (up  to  4  such  resonances)  for 
common  carrier  transported  equipment  but  the 
*C“  (1975)  edition  deleted  any  dwell  while 
retaining  84  minutes/axis  of  slow  sine  sweeps. 
In  order  to  compare  the  sine  sweep  of  the  "C" 
edition  to  either  the  purely  random  test  of 
the  "D"  version  or  the  dwell  oi  the  "B" 
version  of  HIl-STD-810  It  Is  necessary  to 
have  an  assessment  of  the  damage  done  by  a 
sweep.  While  attempting  to  fulfill  the  tasks 
of  a  recent  project  I  had  occasion  to  search 
for  such  an  assessment  and  was  surprised  by 
my  Inability  to  find  In  the  expected  sources 
the  solution  to  this  coanon  and  often  Important 
problem. 

LITERATURE  SURVEY 

An  approach  to  the  problem  was  provided  by 
Gertel,  In  Reference  6.  He  generalized  from 
a  sample  calculation  using  low  damping  (which 
made  stress  cycles  removed  from  the  peak 


*  There  are  changes  In  notation  from  that 
employed  by  Miles  and  Thomson  In 
Reference  5. 


[resonant]  response  cycles  have  negligible 
fatigue  Imp*,  :t)  and  a  particular  value  of 
y(y  »  6.5)  vo  conclude  that  the  sine  sweep  at 
a  rate  sufficiently  slow  to  permit  essentially 
complete-  resonant  build-up,  causes  approxi¬ 
mately  one-half  as  much  damage  as  a  sine  dwell, 
at  the  resonant  frequency,  for  a  dwell  time 
equal  to  the  time  during  the  sweep  spent  within 
the  frequency  range  (1  i  c)  Fr.  He  further 
hypothesized  that,  because  of  the  Interaction 
between  low  and  high  (up  to  twice  as  high) 
levels  of  stress,  the  low  stress  cycles  would 
have  more  fatigue  Impact  than  would  be  pre¬ 
dicted  by  a  direct  application  of  the  Miner 
theory  so  that  It  would  be  reasonable  to  assume 
that  the  damage  Is  as  much,  Instead  of  one-half 
as  much.  In  the  sweep  as  In  the  dwell. 

Spence  and  Luhrs  employed  the  Gertel  hypothesis 
along  with  assumptions  on  the  Interaction  of 
random  and  swept  sinusoidal  vibration  to 
develop  an  approach  to  "Structural  Fatigue 
under  Combined  Random  and  Swept  Sinusoidal 
Vibration",  (Reference  7)  and,  consequently,  a 
reasonable  approach  to  the  simpler  problem  of 
the  sine  sweep  alone;  however,  they  did  not 
consider  a  critical  examination  of  the  Gertel 
conjecture  necessary  In  their  work,  the  results 
of  which  much  be  recognized  to  have  uncertain 
generality. 

Morrow  (Reference  8)  developed  the  expressions 
for  comparison  between  the  energy  dissipated  in 
a  sine  sweep  and  the  energy*  dissipated  In  a 
random  test.  His  results  are  seductive  because 
the  "Q"  (which  Is  rarely  known  with  precision) 
has  the  same  weight  for  energy  dissipation  In 
both  sine  sweep  and  a  random  test  so  that  It  Is 
not  necessary  to  know  the  Q.  Equivalently,  the 
"y"  does  not  appear  explicitly  because  the 
particular .value,  y  *  2,  Is  Implicit  In  his 
solution.  However,  his  results  are  not  appli¬ 
cable  to  fatigue  except  for  the  Inordinately 
low  value  of  y  *  2  (y  Is  rarely  lower  than  6 
and,  for  high  cycle  fatigue  Is  often  more  than 
10). 

Additional  and  more  general  results  were  not 
found,  and  It  was  elected  to  undertake  the 
study  reported  on  following. 

ANALYSIS 

Application  of  the  simplifying  assumptions 
cited  In  the  Introduction  permit  writing  the 
following  expression  for  the  fatigue  damage 
caused  by  a  cycle  of  steady-state  response  to 
excitation  at  frequency  f,  amplitude  A: 


*  It  should  be  appreciated  that  the  Morrow 
results  are  for  energy  and  not  for  power; 
the  sine  sweep  which  develops  equal  energy 
In  the  sanu  time  period  as  a  random  test 
would  be  more  likely  to  cause  overheating 
and  failure  of  Isolators. 
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The  constant  "C",  depends  upon  the  stress- 
acceleration  transfer  function  and  on  the 
"one  cycle"  Intercept  of  the  linearized 
(stress  -  No.  cycles)  fatigue  curve.  The 
definition  of  the  remaining  symbols  should  be 
sufficiently  clear  from  the  notation  provided 
at  the  beginning  of  the  paper. 

For  a  swept  frequency  test.  It  Is  clear  that 
the  time  spent  while  sweeping  from  f  to  f  +  df 
is 

dt  «  df/f  (4) 


and  the  number  of  cycles  applied  during  that 
Interval  ts 

n  (f)  -  f  df/f  (5) 


for  an  exponential  sweep  (f  ■  f0  *  2  **  (Rt) ) 
the  operations  above  lead  to 


n  (f)  «  df/(R  ln2)  (6) 


The  continued  application  of  Miner's  Hypothe¬ 
sis  permits  combining  Equation  3,  6  to  yield 
the  fraction  of  damage  generated  by  an 
exponential  sweep. 


-E 

if 


Dill. 

N(f) 

fr 


df 


[Q2  (:  .  12)2  +  I2] 

L  F2  F2J 


y/2 


(7) 


(If  the  test  under  Investigation  Involves 
several  sweeps.  Equation  7  should  be  multi¬ 
plied  by  the  number  of  sweeps  to  yield  the 
total  damage  done  by  the  test.  It  will  be 
convenient  to  do  the  equivalent  by  replacing 
R  with  R,  where  k  =  R/number  of  sweeps). 

It  will  be  apparent  that,  when  y  ■  2  and  when 
f0«F«ff,  the  Integrand  of  Equation  7  Is 
exactly  that  Involved  In  evaluating  the  (rms) 
response  of  an  oscillator  to  wide  band  random 
excitation.  The  Integration  can  plainly  be 
performed,  and  the  results  are  those  used  by 
Morrow  (Reference  8)  In  developing  his 
"energy  equivalence". 

For  higher  (and  therefore  more  applicable  to 
fatlgne)  values  of  y,  attempts  to  perfrom  the 


Integration  analytically  were  not  successful. 

A  program  was  written  for  numerical  Integration 
and  the  Integration  was  performed  over  the 
ranges: 

3  s  Q  x  25 

4  i  y  i  16 

It  was  found  that  the  results  of  the  Integra¬ 
tion  could  be  well  approximated*  by: 

D  „  _2,27_C  (SQ)r  F _  (8) 

S  ftp(l.031  -  .127/y2)  {y  .  1>5„ 

It  Is  seen  that  the  exponent  of  "Q"  In  the 
denominator  of  Equation  8  differs  only 
slightly  from  on  (1).  This  Is  In  accordance 
with  the  expectations  of  Gertel .  In  Reference  6. 
The  additional  Information  added  by  this  work 
Is  In  the  V  dependency  {y  -  1  *54)  In  the 
denominator. 

COMPARISON  OF  SWEEP  TO  OTHER  TESTS 

The  damage  caused  by  a  sine  dwell  at  the 
resonant  frequency  for  Td  seconds  may  be 
written  easily;  the  damage/cycle  Is  that  of 
Euqatlon  3,  for  f  ■  F.  Since  the  total  number 
of  cy'.les  Is  FTd,  the  damage  1s- 

Dd  -  C  (SQ) Y  F  Td  (9) 

The  damage  caused  by  a  random  test  with  accel¬ 
eration  spectral  density  In  the  neighborhood  of 
the  resonance  of  W,  applied  for  Tp  seconds  was 
developed  In  Reference  5  In  the  course  of 
deriving  Equation  2. 

Dr  ■  D  F  Tr  r(|  +1)  (iKF  Q)Vz  (10) 

("C"  In  Equation  3,  7,  8,  9,  10  Is  the  same, 
since  all  assumed  the  validity  of  Miner's  Law 
which  makes  no  allowance  for  the  Interaction 
between  low  and  high  levels  of  stress.  In 
truth,  some  allowance  should  be  made  for  Inter¬ 
action  In  Equation  8  and  a  larger  allowance 
should  be  made  In  Equation  10.  Quantitative 
recomnendatlons  on  this  line  are  beyond  the 
scope  of  this  present  work). 

Equation  8  may  be  compared  to  Equation  9  to 
quantify  the  relative  severity  of,  for  examole, 
the  B  and  C  versions  of  MIL-STD-810.  An 
equivalent  evaluation  can  be  made  between  the 


*  As  with  any  empirical  equation  fitting  data 
achieved  over  a  finite  range,  there  Is  some 
danger  In  using  the  expression  for  y  or  Q 
much  greater  than  the  values  of  16,  25, 
respectively  used  for  numerical  Integration. 
For  such  applications  the  user  should  per¬ 
form  his  own  numerical  Integration  of 
Equation  7.  For  high  values  of  "Q",  one 
should  be  careful  that  the  assumption  of 
essentially  full  resonant  response 
(Reference  2)  Is  not  violated. 
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effects  of  the  C  and  D  version  of  that 
standard  If  Equation  8  is  compared  to 


Equation  10.  In  the  example  following  the 
"normal  transport"  procedure  will  be  u»ed. 
This  1s- 


MIL-STD-810-B  MIL-STD-810-C  MIL-STD-810-D 


±1.3g,  5-27  Hz 

036  In  peak-peak, 

27-52  Hz 

±1.5g,  5-200  Hz 

.015g2/Hz  10-40  Hz 

±5g.  52  to  50Q*Hz 

7  sweeps,  135 

5.5  db/octave 

sec/octave/sweep 

rolloff  40-500  Hz 

Sweep,  plus  1/2  hour 

(R  =  1/(135*7)= 

60  Minutes/1000 

dwell  at  each 
resonance  (up  to  four) 

.0010582 

miles  of  transport 

(In  one  of  the  manners  In  which  the  "0" 
version  Is  more  rational  than  Its  predecessors, 
the  test  time  Is  ralted  to  the  life  cycle 
[60  mlnutes/lQOO  miles].  This  makes  the 
desired  comparison  more  tenuous,  since  the 
test  time  In  the  "B",  "C"  versions  is 
arbitrary.  For  the  present  purposes  we  will 
let  the  "D"  test  time  be  2  hours). 

Dividing  Equation  9  by  Equation  8  permits 
relating  the  damage  caused  by  a  .5  hour  dwell 
(MIL— STD-810-B)  to  the  84  minutes  of  sweeping 
of  MIL-STD-310-C.  fThe  pre-dwell  sweeping 
Involved  In  '  B"  Is  ignored). 


■  .84<kfr  Q<5-031  -  f 

f  <  27Hz  11-a 


=  .84c°;;fFy  ,,(1.031-1.27/^)^* 

27<f<52  11-b 


=  .84(t5_)T  p(1.031-.127/ir*)(w^ 

f>52Hz  11-c 


It  should  be  clear  that,  for  typical  high 
values  of  Q,  y,  the  fatigue  damage  done  by 
the  dwell  of  MIL-STD-810-B  was  much  greater 
than  that  done  by  the  later,  C  version  of 
the  same  standard. 


The  equivalent  comparison  between  the  sweep 
of  "C"  (Equation  8)  and  the  random  test 
(Equation  1C)  of  the  current,  "D"  version 
yields- 


Dr  3.36  r(^+  1)  (y  -  l)*54  (.047  F)V2 
Os  1  5Y  q(y/2-1.031  +  .1Z7/Y2) 


F<40  12-a 

3.36  r(£  +  1) (y-lj54  (40.27/r83)V2 
7.5y  g(y/z-l.oal  +  .127/r2) 

F>40  12-b 


Conclusions  regarding  the  relative  severity 
are  not  obvious  from  inspection  of  Equation  12. 
The  comparison  may  be  readily  evaluated, 
however,  for  specific  values  of  Q,  y.  To  that 
end,  the  evaluation  will  be  made  for  the 
cases  of  Q=5  and  10,  y  of  8  and  16.  The 
results  are: 

Relative  Severity  of  Random  &. Sine-Sweep  Tests 


F<40 

Fi40 


5. 


8 

IQ  . 

8 

:.7  E-7  f4 

E-a  f4^ 

Id 

2.8  E-13  F8 

8 

2  E5/F3.3 

2.8  F4/F3.3 

16 

8  3  E10/Fb-b 

6.6  E8/F6-6 

*  Upper  frequency  reduced  for  heavy  Items. 


It  may  be  seen  that,  for  a  low  F  (typical  of 
a  shipping  container  suspension,  for  example) 
the  random  test  of  MIL-STD-810-D  is  much  less 
severe  than  the  sweaps  of  MiL-STD-810-C.  For 
frequencies  In  the  neighborhood  of  40-50  Hz 
(typical  of  electronic  assembly  without 
vibration  mounts)  the  random  test  and  the  sine 
sweep  are  comparable  In  damage  potential. 
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while  for  high  frequencies  the  random  test  Is 
again  relatively  benign.  But  the  most  Impor¬ 
tant  message  of  Equation  12  and  the  table  Is 
the  clear  emphasis  that  It  Is  not  possible 
to  make  an  evaluation  regarding  relative 
severity  unless  the  usual  assumptions  are 
justified  and  Q,  y,  F  are  all  reasonably  known; 
the  hope  Implicit  In  the  "Energy  Equivalence" 
of  Reference  8  and  the  partial  hope  of 
Reference  6  has  been  dashed! 

CONCLUSIONS 

The  task  of  comparing  the  severity  of  qualita¬ 
tively  different  vibration  excitations  has 
been  confirmed  to  be  neither  more  rigorous  nor 
simpler  when  one  of  the  forms  of  vibration  con¬ 
sidered  Is  a  slow  sine  sweep.  As  In  the  case 
of  a  resonant  dwell  It  remains  necessary  to 
make  "the  usual  assumptions"  (a  single 
response  mode  of  Importance;  linear  and 
viscously  damped  response;  no  damping-coupling 
of  modes;  the  damage  mechanism  of  concern  Is 
Is  known;  If  fatigue  Is  the  likely  damage 
mechanism  damage  accumulates  linearly;  fatigue 
characteristics  of  all  materials  are  reasonably 
known  and  representable  by  a  monomial  expo¬ 
nential  function;  damping  In  response  mode  of 
concern  Is  reasonably  known).  If  there  Is 
question  about  the  validity  of  those  assump¬ 
tions  (and  there  usually  Is!)  or  If  the 
assumptions' regarding  quantitative  knowledge 
of  damping  (contained  In  the  "Q"  of  the  text) 
or  the  fatigue  behavior  (contained  In  the  "y" 
of  the  text)  can  not  be  replaced  with  conserva¬ 
tive  assumptions  without  yielding  an  exces¬ 
sively  pessimistic  conclusion  regarding  the 
capabilities  of  the  equipment  of  concern  then 
there  appears  no  recourse  other  than  performing 
a  test  to  the  "new"  environment. 
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Abstract 

It  is  shown  that  substantial  and  yet  difficult  to 
detect  errors  aay  occur  if  random  data  are  clipped  and 
then  filtered.  For  stationary  random  processes  for¬ 
mulas  are  presented  for  the  spectral  density  (power 
spectrum)  of  the  clipped  and  filtered  random  process  in 
torms  of  the  spectral  density  of  the  original  random 
process,  the  clipping  level,  and  the  gain  characteris¬ 
tics  of  the  filter.  A  nonstationary  random  process 
that  is  formed  by  summing  components,  each  of  which  is 
a  stationary,  band-limited  random  process  modulated  by 
a  deterministic  function  of  time,  is  also  analysed. 
Estimates  of  the  mean  square  output  (the  clipped  and 
filtered  input)  are  given.  Examples  are  given  that 
illustrate  the  problem  of  difficult  to  detect  errors 
for  both  stationary  and  nonstationary  cases.  An  over¬ 
load  detector  is  suggested  which  could  significantly 
reduce  the  probability  of  this  error. 


1.  Introduction 

The  output  of  transducers  used  to 
measure  structural  response  is  seldom 
directly  used.  More  typically  the 
transducer  output  is  conditioned  before 
recording.  The  signal  conditioning 
typically  involves  several  stages  of 
conversion,  amplification,  filtering, 
and  transmission  (not  necessarily  in 
that  order)  before  the  data  are  re¬ 
corded. 

The  structural  response  being 
measured  is  often  random  in  nature.  In 
these  cases  useful  statistical  measures 
of  the  deta,  like  spectral  densities, 
probability  densities,  root-mean-square 
(rms),  and  time  history  realisations  are 
estimated  to  characterise  the  response. 

For  example,  the  response  measured 
could  be  the  acceleration  of  a  point  on 
the  structure.  The  transducer  could  be 
a  piesoelectric  accelerometer.  The 
output  of  the  transducer  is  charge.  The 
charge  is  converted  to  voltage, 


amplified,  filtered  (either  with  a  low 
pass  filter  or  by  the  bandwidth  charac¬ 
teristics  of  the  amplifiers)  to  limit 
the  bandwidth,  transmitted  either  by 
wire  or  by  telemetry,  and  then  recorded. 
The  recorded  data  are  then  analysed. 

It  has  recently  been  pointed  out  ioy 
Nelson  [1]  that  substantial  and  yet 
difficult  to  detect  errors  may  occur  if 
the  data  are  clipped  prior  to  being 
filtered.  These  errors  can  be  detected 
if  the  data  are  observed  before  any 
filtering,  but  the  data  systems  often 
exclude  this  observation.  Examples 
include,  transducers  with  internal 
electronics  preventing  the  user  from 
observing  the  unconditioned  data,  and 
transducers  on  unmanned  flight  vehicles 
where  distance  and  telemetry  systems 
prevent  .he  user  from  observing  the 
unconditioned  data.  The  resulting 
statistical  measures  of  the  clipped  and 
filtered  data  can  appear  plausible  and 
yet  be  inaccurate.  For  example,  the 
estimated  spectral  density  can  have 
approximately  the  correct  shape,  but  the 
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magnitudes  can  ba  seriously  underes- 
tiaatad.  The  data  can  appear  nearly 
Gaussian,  but  in  fact  be  severely 
clipped.  Nonstationary  data  can  appear 
nonstationary  in  a  plausible  way,  but  in 
fact  be  in  serious  error. 

The  related  problem  of  distortion 
induced  errors  has  been  considered  by 
several  authors.  See,  for  example, 
References  2  through  4.  The  objective 
of  this  investigation  is  to  quantify 
errors  due  to  clipping  and  filtering, 
and  discuss  the  conditions  under  which 
the  errors  can  occur.  It  is  shown  that 
while  clipping  before  filtering  can  lead 
to  plausible  but  inaccurate  results, 
clues  often  exist  which,  with  careful 
examination,  will  suggest  the  data  are 
in  error.  However,  the  risk  of  er¬ 
roneous  data  is  large  enough  that  some 
simple  data  system  features  are  sug¬ 
gested  that  would  substantially  reduce 
the  chances  of  accepting  inaccurate  data 
and  response  measures. 

2.  Preliminary  Examples 

in  order  to  illustrate  the  poten¬ 
tial  problem,  some  specific  situations 
are  considered.  vibration  response  in 
mechanical  structures  is  measured  using 
a  linear  characteristic  acceleration 
transducer.  The  charge  generated  by  the 
accelerometer  is  first  converted  to  a 
voltage.  This  stage  is  usually  designed 
very  conservatively  because  if  this 
section  is  overloaded  the  amplifier 
recovers  slowly.  The  charge  converter 
is  usually  followed  by  one  or  more 
stages  of  amplification.  If  these 
stages  are  overdriven  they  usually  hard 
clip.  The  result  is  a  charge  converter 
and  amplifier  with  the  characteristics 
shown  in  Figure  1.  The  amplifier  output 
is  then  typically  lou  pass  filtered 
either  by  a  separate  filter  or  by  the 


Figure  1.  Gain  characteristics  of  a 
typical  charge  amplifier. 


bandwidth  characteristics  of  the  trans¬ 
air  Ion  system  or  recording  system,  and 
then  recorded.  Figure  2  is  a  simplified 
diagram  of  a  typical  system. 

Several  problems  can  occur  in  the 
process  of  measurement,  transmission  and 
recording  of  acceleration  signals..  The 
one  to  be  considered  in  this  investiga¬ 
tion  is  what  happens  when  the 
acceleration  signal  to  be  measured  has 
amplitude  peaks  that  are  far  beyond  the 
values  for  which  the  instrumentation  is 
ranged.  In  this  situation  the  ac¬ 
celerometer  generates  charge  that  is  far 
beyond  the  linear  range  of  the  charge 
amplifier.  The  result  is  a  clipped 
signal,  and  experiments  have  shown  that 
when  this  happens  typical  charge 
amplifiers  yield  a  cleanly  clipped 
signal.  Clean  clipping  (i.e.  clipping 
that  leaves  no  jagged  edges)  is  assumed 
in  this  study. 


Figure  2.  Simplified  diagram  of  typical  telemetry  data  channel. 
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In  the  first  axaaple  a  weakly 
stationary,  normal  randoa  procass  is 
considered.  Tha  source  has  aaan  saro 
and  tha  spactral  dansity  shown  in  Figure 
3.  (This  is  tha  spectral  dansity  of 
absolute  acceleration  response  to  ac¬ 
celeration  excitation  of  a  single- 
degree-of-f reedoa  (SDF)  systaa. )  Tha 
ras  value  of  the  randoa  procass  is  6.31, 
and  tha  clipping  level  is  chosen  as  0.63 
times  tha  ras  value,  (in  this  paper  the 
signals  are  unitless,  but  the  signals, 
spectral  densities,  etc.,  could  be  taken 
as  having  any  consistent  set  of  units.) 
It  can  be  shown  that  the  spectral  den¬ 
sity  of  the  clipped  and  filtered  randoa 
process  is  that  shown  in  Figure  4.  If 
one  is  siaply  interested  in  knowing  the 
spectral  density  of  a  random  process  and 
expects  to  see  the  characteristic  peak 
related  to  SDF  system  response,  then  the 
spectral  density  shown  in  Figure  4  aay 
appear  plausible  even  though  its  ras 
value  is  only  3.29  and  an  extra  peak 
occurs  at  triple  the  natural  frequency 
of  the  SDF  systea.  (The  reason  for 
appearance  of  this  peak  will  be  ad¬ 
dressed  later.)  Figure  4  characterises 
a  signal  that  is  substantially  less 
severe  than  the  actual  environment 
characterized  by  Figure  3. 

It  aay  seea  that  clipping  should  be 
readily  apparent  in  the  time  history, 
but  it  aay  not  be  apparent  because  of 
the  filtering  operation.  For  exaaple,  a 
clipped  and  filtered  realisation  of  the 

randoa  process  whose  spectral  density  is 
shown  in  Figure  3,  is  shown  in  Figure  S. 
No  clipping  is  obvious. 


Figure  4.  Spectral  density  of  the  clip¬ 
ped  and  filtered  random,  pro¬ 
cess.  Spectral  density  of 
the  underlying  source  is  shown 
in  Figure  3.  Clipping  level 
-4.  Filter:  four  stage 
Butterworth  with  cutoff  fre¬ 
quency  of  251  rad/sec.  (40  Hz) 


time ,  sec 

Figure  5.  Time  history  of  a  clipped 

and  filtered  version  of  the 
source  whose  spectral  den¬ 
sity  is  Figure  3.  Clipping 
level  -  4.  Filter:  four 
stage  Butterworth  with  cut¬ 
off  frequency  of  251  rad/sec 
(40  Hz) . 


During  certain  portions  of  soae 
responses  a  nonstationary  randoa  process 
realization  is  expected.  Consider  now 
the  way  in  which  a  realisation  of  a 
nonstationary  randoa  process  is  affected 
by  clipping  and  filtering.  Figure  6 
shows  a  realisation  of  an  oscillatory 
nonstationary  randoa  process.  This 
coaes  froa  a  source  that  has  a  nonsta¬ 
tionary  low  frequency  coaponent  and  a 
stationary  high  frequency  coaponent. 
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The  low  frequency  component  consist*  of 
subcomponents  in  ths  frequency  range 
froa  6  through  1257  red/sec  (1  through 
200  Hi).  The  high  frequency  component 
consists  of  subcomponents  in  the  fre¬ 
quency  range  froa  1257  through  2513 
rad/sec  (200  through  400  Hs).  The  ras 
value  of  the  low  frequency  component  is 
a  pulse  superimposed  atop  a  constant. 
The  high  frequency  component  has  a 
constant  ras  value.  When  this  signal  is 
clipped  and  filtered  using  a  clipping 
level  of  10000,  the  result  is  the  signal 
shown  in  Figure  7.  Though  the  signals 
shown  in  Figures  6  and  7  do  not  appear 
to  have  precisely  the  same  nonstationary 
character,  it  is  certainly  conceivable 
that  the  signal  in  Figure  7  could  be 
accepted  as  a  plausible  representation 
of  the  environment  affecting  the  system 
if  the  true  level  of  the  response  were 
unknown . 

The  above  two  examples  show  cases 
where  a  modest  amount  of  energy  above 
the  filter  cut  off  frequency  exists  in 
the  original  signal.  As  a  result  peaks 
exist  in  the  clipped  and  filtered  signal 
which  are  near  or  even  above  the  clip¬ 
ping  level.  This  could  lead  one  to 
conclude  that  peaks  near  the  clipping 
level  in  the  final  data  would  indicate 
clipping.  But  other  examples  could  be 
given,  which  had  more  original  high 
frequency  energy,  where  the  peaks  of  the 
clipped  and  filtered  signal  arc  well 
below  the  clipping  level.  This  further 
increases  the  plausibility  of  the  data. 

The  examples  presented  above  show 
that  under  some  circumstances  (not 
defined  at  this  point)  random  process 
realizations  that  are  clipped  and  fil¬ 
tered  can  be  mistaken  for  plausible 
representations  of  random  process 
sources.  The  objective  of  this  inves¬ 
tigation  is  to  quantitatively 
characterise  what  conditions  are  re¬ 
quired  to  make  this  mistake  a 
possibility. 

3.  Analysis  ot  Clipped  and  Filtered 

Stationary  Random  Processes 

3.1  Preliminary  Discussion 

Given  the  spectral  density  or 
autocorrelation  function  of  an  underly¬ 
ing  random  process  and  the  clipping 
level  and  filter  characteristics  (when 
the  random  process  is  filtered),  it  is 
possible  to  approximate  the  spectral 
density  ind  autocorrelation  function  of 
the  clipped  and  filtered  random  process. 
This  is  done  by  (1)  approximating  the 
autocorrelation  function  of  the  clipped 
random  process  as  a  function  of  the 
autocorrelation  function  of  the  underly¬ 
ing  random  process,  (2)  Fourier 
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Figure  6.  Time  history  of  a  nonsta¬ 
tionary  random  process. 
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Figure  7.  Time  history  of  a  clipped 

and  filtered  version  of  the 
signal  in  Figure  6.  Clipping 
level  “  10000.  Filter:  four 
stage  Butterworth  with  cutoff 
frequency  of  1257  rad/sec 
(200  Hz) 


transforming  the  autocorrelation  func¬ 
tion  to  obtain  the  spectral  density  of 
the  clipped  random  process,  (3)  multi¬ 
plying  the  resulting  spectral  density  by 
the  filter  gsin  to  obtain  the  spectral 
density  of  the  clipped  and  filtered 
random  process  (when  the  random  process 
is  filtered),  and  (4)  inverse  Fourier 
trsnsforaing  the  result  to  obtain  the 
autocorrelation  function  of  the  clipped 
and  filtered  random  process. 

The  first  step  in  the  above 
process,  approximating  the  autocorrela¬ 
tion  function  of  the  clipped  and 
filtered  random  process  in  terms  of  the 
autocorrelation  function  of  the  underly- 
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ing  random  process,  yialda  two  formulas; 
•ach  formula  la  applicabla  undar  dif- 
farant  clrcumatancaa.  Ona  formula  for 
tha  approximation  of  tha  autocorralation 
function  of  a  clippad  random  procaaa  ia 
known  aa  tha  arcaina  formula,  it  ia 
availabla  in  tha  literature  (Reference 

S)  and  ia  applicabla  in  aituations  whara 
tha  undarlying  signal  is  hard-clippad. 
(Hard-clipping  rafars  to  clipping  that 
occurs  at  a  level  that  is  a  fraction  of 
tha  standard  deviation  of  tha  original 
signal.)  Tha  other  formula  involves 
writing  tha  autocorralation  function  of 
a  clippad  random  process  as  a  cubic 
function  of  tha  autocorralation  function 
of  tha  undarlying  random  process.  This 
latter  formula  is  derived  in  this  sec¬ 
tion  with  additional  development  in  tha 
Appendix. 

After  development  and  presentation 
of  tha  formulas  described  above  soma 
examples  that  show  tha  spectral  density 
of  some  clippad  and  filtarad  random 
procassas  are  presented. 

3.2  Analysis 

Tha  problem  to  be  investigated 
in  this  portion  of  the  study  is  tha 
characterisation  of  stationary  signals 
that  have  been  clippad  and  than  fil¬ 
tarad.  Consider  a  stationary  random 
process  (x(t))  that  is  normally  dis¬ 
tributed,  has  mean  saro,  autocorralation 
function  Rxx^T^'  spectral  density 

Sxx(«),  and  standard  deviation  a.  A 

clippad  version  (Y(t))  of  tha  original 
random  process  can  be  established  by 
operating  on  tha  original  random  process 
as  follows. 

Y(t)  -  X(t)  -  H(x(t)-a)[x(t)-aJ 

-  H(-x(t)-a) [X( t)+a]  (1) 

whara  H(.)  is  tha  Heaviside  unit  step 
function  and  a  is  tha  clipping  level. 
Tha  second  term  on  tha  right  clips  the 
positive  peaks.  Tha  third  team  on  the 
right  clips  the  negative  peaks.  The 
mean  of  tha  random  process  {Y(t)J  is 
saro  because  the  underlying  random 
process  has  saro  mean  and  normal  dis¬ 
tribution  and  Y(t)  is  an  odd  function  of 
x(t). 

The  autocorrelation  function  of  tha 
random  process  (Y(t))  can  be  obtained  by 
multiplying  Y(t)  by  Y( t+x)  and  taking 

the  expected  value.  {Y(t)>  is  a  sta¬ 
tionary  random  process  because  (X(t)J  is 
a  stationary  random  process  and  { Y( t ) > 
simply  clips  tha  peaks  on  (X(t)};  there¬ 
fore,  its  autocorrelation  function  is 
simply  a  function  of  t.  The  autocor¬ 
relation  function  is,  by  definition. 


RyyfT)  -  HtY(t)Y(t+T)]  .  (2) 

When  (1)  is  used  in  (2)  along  with  the 
fact  that  (x( t  > )  is  a  normal  random 
process,  it  can  be  shown  that  the 
autocorrelation  function  of  (Y(t))  ia 
approximately 

RyyU)  -  tl  +  + 


~T  Rxx(T)  *  <3) 


The  coefficients  of  *xx(t)  and  e~4Rxx(T) 

in  the  above  equation  are  functions  of 
the  ratio  of  clipping  to  rms  input 
level,  a/e,  and  are  plotted  in  Figure  8. 
The  mathematics  that  link  (2)  to  (3)  are 
given  in  the  Appendix.  The  autocorrela¬ 
tion  function,  Ryy<T)»  h*» 

characteristics  that  as  the  ratio  a/e 
approaches  sero,  the  autocorrelation 
function  approaches  sero,  and  as  the 
ratio  approaches  infinity,  the  autocor¬ 
relation  function  approaches  R  (r). 


Figure  8.  Coefficients  of  the  terms 
in  (9). 
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The  spectral  density  of  the  clipped 
randosi  process  can  be  obtained  directly 
by  Fourier  transforming  the  result  given 
in  (3).  The  spectral  density  is 

SyyU)  -  ll  -  4(b1-.i)l«xx(«) 


4a 


3 

T 


1 

Ik 


j: 


(4) 


The  second  term  on  the  right-hand  side 
is  the  Fourier  transfora  of  the  cube  of 
the  autocorrelation  function  of  the 

underlying  randoa  process.  This  opera¬ 
tion  aust  usually  be  executed 
nuaerically,  though,  under  soae  cir¬ 
cumstances,  it  aay  be  perforaed  in 
closed  fora.  The  second  tera  can  also 
be  written  as  a  double  convolution  of 
the  spectral  density  teras. 

He  can  aake  a  few  general  coaaents 
about  the  shape  of  the  spectral  density 
of  the  second  tera  in  (4).  If  the 
autocorrelation  function,  rxx(t),  can  be 

written  as  a  Fourier  series  we  can  see 
that  the  cubing  operation  will  generate 
third  haraonic  and  sua-and-dif ference 
frequencies.  The  net  result  will  be  a 
spectral  density  that  is  broader-band 
and  more-white  than  Sxx(«).  The  same 

result  can  be  noted  by  observing  that 

3 

Rxx<t)  will  tend  to  be  of  shorter  dura¬ 
tion  than  RXX(T)-  This  also  iaplies 

that  Rxx(t)  will  have  a  broader 
bandwidth  than  RXX<T)-  The  aeans  by 

which  and  degree  to  which  the  bandwidth 
is  broadened  becomes  apparent  when  it  is 
noted  that  the  second  term  in  (4)  is  the 
convolution  of  Sxx(»)  with  itself,  and 

the  convolution  of  the  result  with 
8xx(«).  Each  convolution  yields  a 

broader  band  result. 


a  randoa  process  {Y(t))  is  foraed  by 
clipping  a  randoa  process  (X(t)}  as  in 
the  above  formula,  the  autocorrelation 
function  of  the  clipped  randoa  process, 
{ Y( t ) ) ,  is 


(6) 


where,  as  before,  rxx(t)  is  the  autocor¬ 
relation  function  of  the  underlying 
randoa  process.  Reference  5  provides 
the  derivation  of  this  formula. 


This  is  a  randoa  telegraph  signal 
whose  sign  is  determined  by  the  sign  of 
the  underlying  signal,  X(t).  The  ap¬ 
proximation  lacks  perfect  accuracy 
because  the  aodel  does  not  all^w  for  the 
finiteness  of  the  slopes  of  the  realisa¬ 
tions  of  {x( t ) )  for  -a<X(t)<a.  However, 
when  the  clipping  level,  a,  is  much 
smaller  than  the  ras  value,  a,  of  the 
randoa  process  (X(t)},  little  informa- 
tion  is  lost  in  using  the  approximation. 
Mote  that  the  Taylor  series  expansion 

for  sin_1(x)  is  a  sum  involving  the  odd 
powered  teras  of  x,  therefore,  when  (6) 
is  written  in  series  fora  it  resembles 
the  expression  for  Ryy(T)  in  (3)* 

The  spectral  density  of  the  clipped 
randoa  process  can  be  obtained  directly 
by  Fourier  transforming  the  autocorrela¬ 
tion  function  in  (6).  The  spectral 
density  is 

8yy(w)  '  "*7  L  “in_1  ("57““)  •'1“TdT' 


(7) 

For  most  underlying  randoa  processes  the 
autocorrelation  function  will  be  compli¬ 
cated,  therefore,  the  spectral  density 
cannot  be  evaluated  in  closed  fora. 


The  formulas  developed  above  are 
only  applicable  when  the  clipping  level 
is  greater  than  one  fourth  the  standard 
deviation  of  the  underlying  randoa 
process  source.  However,  when  the 
clipping  level  is  lower  than  one  fourth 
the  standard  deviation  of  the  underlying 
source,  an  approximation  for  the  statis¬ 
tics  of  the  clipped  signal  can  still  be 
obtained  by  use  of  the  arcsine  formula. 
It  is  assumed  that  a  clipped  signal, 
Y(t),  can  be  modeled  as 

Y(t)  -  a[H(X(t) )  -  Hl-X(t))]  (5) 

where  x(t)  is  the  underlying  signal, 
H( . )  in  the  Heaviside  unit  step  func¬ 
tion,  and  a  is  the  clipping  level.  When 


As  aentioned  previously,  the  situa¬ 
tion  of  interest  in  this  analysis 
concerns  a  signal  that  is  both  clipped 
and  then  filtered.  The  foraulas 
describing  the  approximate  spectral 
density  of  a  clipped,  stationary  random 
process  are  given  in  (4)  and  (7).  To 
consider  the  effects  of  filtering  on  the 
spectral  density  of  the  randoa  process, 
let  { Z ( t ) }  be  a  random  process  that  is 
the  filtered  version  of  (Y(t)}.  Let 
H(u),  -•<«<•,  denote  the  frequency 

response  function  of  the  filter  and 
2 

|H( «)  |  its  magnitude  squared.  Then  the 
spectral  density  of  { z ( t ) }  is 

»„<«)  -  |H(«)|?’  Syy(«) 
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(8) 


The  autocorrelation  function  of  the 
clipped  and  filtered  random  process, 
{ z ( t } } ,  can  be  obtained  by  Fourier 
transforming  its  spectral  density. 

In  summary,  to  find  the  effects  of 
clipping  and  filtering  on  a  stationary, 
mean  sero,  normal  random  process,  one 
must  first  approximate  the  autocorrela¬ 
tion  function  of  the  clipped  random 
process  using  (3)  or  (6),  depending  on 
the  clipping  level.  Next,  the  Fourier 
transform  of  the  autocorrelation  func¬ 
tion  must  be  taken  to  obtain  the 
spectral  density  as  in  (4)  and  (7). 
Finally,  the  effect  of  filtering  must  be 
established  using  (8). 

3.3  Discussion  and  Example 

The  expressions  for  the 
spectral  density  of  a  clipped  and  fil¬ 
tered  random  process  are  developed  in 
the  previous  section.  The  spectral 
density  is  given  by  (8)  and,  depending 
on  the  clipping  level,  this  formula  uses 
(4)  or  (7)  to  express  the  spectral 
density  of  a  clipped  random  process. 
These  expressions,  in  turn,  rely  upon 
(3)  and  (6)  for  their  character.  The 
functions  in  (3)  and  (6)  express  the 
autocorrelation  function  of  a  clipped 
random  process  in  terms  of  the  autocor¬ 
relation  function  of  an  underlying 
normal  random  process.  The  functions  in 
(3)  and  (6)  are  similar  in  character; 
their  effect  is  to  distort  the  values  of 

R  (x)  to  yield  values  of  R  (x).  In 
xx  yy 

both  (3)  and  (6)  the  functions  on  the 
right  hand  side  have  a  strong  linear 
component  followed  by  a  weaker  cubic 
component.  (The  arcsine  formula  in¬ 
cludes  all  odd-powered  components;  sb 
the  degree  of  the  component  increases, 
its  contribution  diminishes.)  A  scale 
factor  on  each  function  causes  the  root- 
mean-square  of  the  clipped  signal  to  be 
equal  to  or  lower  than  the  clipping 
level . 

The  form  of  the  functions  in  (3) 
and  (6),  the  autocorrelation  function  of 
the  clipped  random  process,  has  a  strong 
influence  on  the  spectral  density  of  the 
clipped  signal.  For  simplicity,  con¬ 
sider  (3).  If  Rxx(?)  can  be  expressed 

as  a  Fourier  series,  then  each  harmonic 
term  in  rxx<t)  is  affected  by  the  opera¬ 
tion  on  the  right  hand  side  in  (3).  The 
first  operation  on  the  right  hand  side 
in  (3)  simply  scales  the  value  of  the 
underlying  harmonic  term.  The  second 
operation  in  (3)  cubes  the  underlying 
harmonic  term  producing,  in  the  process, 
a  component  with  triple  the  frequency  of 
the  original,  then  it  scales  this 
result.  When  the  entire  Fourier  series 


representing  Rxx(x)  is  cubed,  the  over¬ 
all  effect  of  each  term  producing  a 
component  with  triple  its  frequency  is 
maintained.  Beyond  this,  components 
with  many  other  frequencies  are  produced 
by  the  interaction  between  terms.  Yet 
the  production  of  "triple-frequency" 
terms  is  a  strong  effect  and  will  fre¬ 
quently  be  noted.  In  (6)  the  influence 
of  the  cubic  term  is  also  strong  and  the 
production  of  higher  harmonic  terms  as 
described  above  can  also  be  noted. 

An  example  that  expands  on  the 
preliminary  example  in  Section  2  will 
demonstrate  the  point  described  above. 
Recall  that  Figure  3  shows  the  spectral 
density  of  a  mean  sero,  weakly  station¬ 
ary,  normal  random  process.  The 
spectral  density  is  sharply  peaked, 
therefore,  the  appearance  of  higher 
order  harmonics  upon  clipping  of  the 

underlying  random  process  should  be 
plainly  apparent.  In  fact,  when  (3)  and 
(4)  are  used  to  establish  the  spectral 
density  of  the  clipped  random  process. 
Figure  9  results.  The  contribution  to 
the  spectral  density  of  the  clipped 
random  process  at  triple  the  frequency 
of  the  fundamental  contribution  is 
present  as  predicted.  The  ratio  between 
the  spectral  density  ordinates  of  the 
fundamental  and  harmonic  contributions 
is  about  50  to  one  indicating  a  ratio  of 
contributions  to  the  clipped  random 
process  rms  of  about  seven  to  one. 


Figure  9.  Spectral  density  of  a  clipped 
'■andom  process.  The  spectral 
density  of  the  underlying  ran¬ 
dom  process  is  shown  in  Figure 
3.  Clipping  level  =  4. 
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Whan  the  clipped  random  procasa  it 
filtarad  using  a  four-stage  Butterworth 
filter  with  cutoff  frequency  of  251 
rad/sac  (40  Hs)  Figure  4  results.  The 
presence  of  the  peak  at  377  rad/sec  (60 
Hs)  goes  almost  unnoticed  even  in  this 
siaple,  idealised  axaapla.  This  is 
always  a  potential  effect  with  filter¬ 
ing.  In  a  aore  coaplicatad  situation 
where  contributions  to  the  aaan  square 
occur  at  aany  frequencies,  the  produc¬ 
tion  of  aaan  square  contributions  at 
haraonic  frequencies  can  go  unnoticed 
auch  aore  easily.  Even  if  it  is  recog¬ 
nised  that  aaan  square  contributions  are 
occurring  at  frequencies  exactly  triple 
the  frequencies  where  aore  substantial 
contributions  are  occurring,  the  data 
analyst  cannot  judge  whether  this  effect 
is  caused  by  clipping  of  the  aeasured 
data  or  true  nonlinearity  in  structural 
response.  (Structural  response  non¬ 
linearity  can  certainly  cause  this 
effect.)  Therefore,  a  aeans  is  required 
for  judging  whether  or  not  clipping  of 
aeasured  data  has  occurred.  This  will 
be  discussed  later  in  the  paper. 

4.0  Clipped  and  Filtered  Nonstationary 

Random  Processes 

4.1  Preliminary  Discussion 

The  problem  of  predicting  the 
behavior  of  a  clipped  and  filtered, 
nonstationary  random  process  is  aore 
difficult  than  analysis  of  a  stationary 
random  process.  However,  there  are 
nonstationary  random  process  models 
which  include  a  high  degree  of 
generality  and  which  can  be  operated  on, 
that  lead  to  conclusions  useful  in 
assessing  the  practical  behavior  of 
clipped  and  filtered,  nonstationary 
random  processes.  Such  a  model  is 
specified  in  the  following  section  along 
with  the  equations  necessary  to  ap¬ 
proximately  evaluate  the  mean  square  of 
a  clipped  and  filtered  version  of  the 
random  process.  It  is  rather  difficult 
to  establish  specific  behavior  directly 
from  the  equations  as  written,  there¬ 
fore,  two  specific  cases  are  considered. 
Finally,  discussion  and  an  example  are 
presented. 

As  stated  in  the  Introduction,  the 
present  problem  is  to  establish  the 
conditions  under  which  the  realisation 
of  a  clipped  and  filtered,  nonstationary 
random  process  might  reasonably  be 
mistaken  for  a  realization  of  the  under¬ 
lying  random  process.  It  is  clear  that, 
if  the  clipping  level  is  of  the  same 
order  of  magnitude  as  the  highest  values 
in  the  realization  of  the  underlying 
random  process,  some  confusion  might 
easily  occur.  The  highest  values  in  the 
realization  of  the  clipped  and  filtered 


random  process  would  siaply  be  somewhat 
lower  than  the  highest  values  in  the 
realisation  of  the  underlying  random 
process,  and  the  low  values  in  both 
random  processes  would  be  the  saae.  A 
aore  difficult  problea  exists  when  the 
clipping  level  ie  low  compared  to  all 
values  in  the  realisation  of  the  under¬ 
lying  randoa  process.  In  this  case  it 
is  not  obvious  how  the  realisation  of 
the  clipped  and  filtered  randoa  process 
could  exhibit  any  nonstationary  trend. 
This  is  the  problea  investigated  in 
these  sections. 

4.2  Analysis 

The  problea  to  be  investigated 
in  this  portion  of  the  study  is  the 
characterisation  of  nonstationary  randoa 
signals  that  have  been  clipped  and  then 
filtered.  Consider  a  mean  sero,  nonsta¬ 
tionary  randoa  process  (x(t)}  that  has 
normal  distribution  and  the  component 
fC*! 

M 

X(t)  -  T  Ak(t)Wk(t)  -»<t<»  .  (9) 

The  randoa  process  is  formed  from  H  >  1 

coaponent  randoa  processes.  TheAjJt), 

-•<t<»,  k-l,...,M,  are  deterministic 

functions  of  tiae  defined  for  all  times, 
and  the  (wk(t),  -«<t<»),  k-l,...,H,  are 

aean  sero,  noraal,  stationary  randoa 
processes  with  spectral  densities, 
sk(u),  k-1, . . . ,H.  The  spectral  den¬ 
sities  are  defined  to  be  nonsero  for 
«jk ^ | w ) £Wjk ,  k— 1,...,H,  where  m 

“l  k+1 '  k"1'  •••'">  that  *»'  the  ex¬ 
ponent  randoa  processes  do  not  overlap 
in  the  frequency  doaain.  Furthermore, 
the  component  randoa  processes  (Wk(t)} 

and  (W£ ( t ) }  are  statistically  independ¬ 
ent  for  k  *  /.  Bach  function  Ak(t)  is 

defined  to  be  "slowly  varying"  with 
respect  to  the  tiae  scale  2n/w^k.  The 

aean  square  of  the  coaponent  random 

process  (Hk(t))  is  denoted  «k, 

k-l,...,H,  and  is  defined 

*k  -  J  Sk(«)d»  ,  k-l,...M  .  (10) 

At  time  t  a  spectral  representation 
of  the  random  process  (X(t))  is  avail¬ 
able  and  is  given  by 

H  2 

S  <w,t)  -  T.  A‘(t)S.(«)  .  (11) 

**  k-1  * 
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This  is  obtained  by  Fourier  transforming 
tha  expected  value  of  x<t)  times  x(t+x) 
with  reapect  to  x,  and  noting  that  Ay(t) 

variaa  slowly.  This  can  be  interpreted 
aa  the  spectral  density  of  (X(t)}  at 
time  t.  The  aean  square  of  the  random 
process  at  time  t  is 

•J(t)  -  £  Aj(t)ej  (12) 

Based  cn  (4),  a  spectral  descrip¬ 
tion  for  {f(t)j,  the  clipped  fora  of 
(x(t)),  can  be  established  at  tiae  t. 
It  is 

TtT ) 

-•<*»<•,  -«<t<«  .  (13) 

The  clipping  level  is  a,  which  is  aaall 
compared  to  the  ras  of  (X(t)},  *x(t). 

The  function  Q^(a/ffx(t))  represents  the 

coefficient  of  the  first  tera  on  the 
right  hand  side  in  (4).  The  function 
Q2(a/«x(t))  represents  the  coefficient 

of  the  second  term  on  the  right  hand 
side  in  (4).  Based  on  the  expressions 
given  in  the  Appendix,  b^,  a^,  and  a3 

can  be  evaluated  for  small  values  of 
a/«x(t),  yielding  expressions  for 

Ql<*/®x(t»  and  ®2 ( B/®x ( ^ »  »■ 

a  <<  ex(t)  (14a) 

OjlV«,(t)>  ;  0.09  . 

a  <<  ex(t)  .  (14b) 

Because  Q2(x)  is  smaller  than 

(^(x),  and  because  the  second  tera  in 

(13)  is,  basically,  a  producer  of  higher 
harmonics,  the  second  tera  in  (13)  is 

dropped  to  fora  the  following  approxima¬ 
tion  for  Syy(«,t) . 


V'1’  ‘ 

-•<«<• 

-•<t<»  (15) 

The  filtered  fora  of  the  clipped 
random  process  is  the  quantity  of  inter¬ 
est  in  this  analysis,  and  the  aean 
square  of  this  quantity  provides  one 
measure  useful  in  judging  the  non- 
stationarity  of  the  randoa  process.  The 
effect  of  a  low  pass  filter  is  to  retain 
low  frequency  coaponents  and  to 
eliainate  high  frequency  components, 
therefore,  a  filtered  version  of  (Y(t)J, 
denoted  (Z(t)},  might  simply  eliminate 
high  frequency  coaponents  in  (Y(t)}  and 
retain  low  frequency  coaponents.  Let  « 

c 

be  the  cutoff  frequency  of  the  filter, 
and  let  a»2M  -  »c  bo  the  upper  frequency 
c 

of  the  band  corresponding  to  the  com¬ 
ponent  numbered  Kc  in  (X(t)}.  Then  the 

aean  square  of  (Z(t))  at  tiae  t  is 
sj(t)  -  j“c  S  (a>,t)d»,—  <t<*  .  (16) 


rroa  (12),  (14a),  (15)  and  (IS)  the 
approximate  expression  for  the  aean 
square  of  the  clipped  and  filtered 
randoa  process  is 


-«<t<-  (17) 

This  function  will  not,  in  general,  be  a 
constant,  and,  in  fact,  depends  on  the 
relationship  between  the  low  frequency 

parameters  of  (X(t)),  Afc(t)  and  e*, 
k-l,...,Mc,  and  the  high  frequency 

parameters  of  (X(t)),  ( t )  and  e£, 

k-M  +1,,..,M.  Further,  recall  that  the 
c 

second  term  in  (13)  was  discarded  to 
develop  (17).  The  oaitted  tera  would 
certainly  have  some  effect  cn  t-he  aean 
square  of  (Z(t)),  but  it  can  safely  be 
said  that  when  the  right  side  of  (17!  is 
a  tiae  varying  function,  inclusion  of 
the  omitted  tera  would  rarely,  if  ever, 
change  this. 
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Consider  sows  special  esses  to 
clarify  the  behavior  of  a  clipped  and 
filtered  random  process.  First,  con¬ 
sider  the  case  where 

A.(t)  -  A(t)  k-1 . M 

-«<t<-  .  (18) 

This  is  the  case  where  all  the  coeffi¬ 
cient  functions  causing  nonstationarlty 
in  iX(t)}  are  identical.  Use  of  (18)  in 
(17)  permits  the  factorisation  and 
cancellation  of  the  AR(t)  terms  yielding 

the  result 


«?(  t) 


I*2 


k-1  °K 
~n  “I 

E  * 

k-1 


--<t<« 


(19) 


This  result  is  not  a  function  of  time. 
Therefore,  based  on  this  approximate 
analysis,  it  can  be  concluded  that  the 
mean  square  of  a  hard  clipped  and  fil¬ 
tered,  nonstationary  random  process  is  a 
constant  if  every  frequency  component  in 
the  underlying  nonstationary  random 
process  is  modulated  with  the  same 
function. 

As  a  second  special  case,  let  H-2 

and  M  -1.  Then  the  approximate  mean 
c 

square  of  (Z(t))  is 


--<t<-  .  (20) 

The  mean  square  is  a  function  of  time, 
but  the  degree  of  variation  will  be 
quite  weak  if  Aj(t)  is  much  less  than 

A^(t)  and/or  o2  is  much  less  than 

In  view  of  this  approximate  analysis,  it 
can  be  concluded  that  when  a  nonstation¬ 
ary  random  process  consists  of  two 
component  parts,  as  defined  in  (14),  the 
clipped  and  filtered  fora  of  the  random 
process  will  have  a  nonconstant  mean 
square  if  A^(t)  r»  Aj(t).  The  variation 

in  <r^(t)  will  be  substantial  if  the  term 

in  braces  on  the  right  in  (20)  varies 
greatly  from  values  less  than  one  to 
values  much  greater  than  one. 


4.3  Discussion  and  Example 

The  analysis  in  the  previous 
section  showed  that  the  mean  square 
value  of  a  clipped  and  filtered,  nonsta- 
tionary  random  process  is  not 
necessarily  a  constant.  In  fact,  the 
approximate  analysis  shows  that  the  mean 
square  of  a  clipped  and  filtered,  non¬ 
stationary  random  process  will  rarely  be 
a  constant.  The  analysis  relied  upon 
the  simplification  of  a  spectral  expres¬ 
sion  for  the  clipped  and  filtered  random 
process,  but  it  probably  does  not  affect 
the  accuracy  of  the  main  conclusion, 
that  is,  that  a  hard  clipped  and  fil¬ 
tered,  nonstation. ry  random  process  can 
display  nonstationary  behavior.  The 
reason  for  this  is  that  the  term 
eliminated  in  (13)  will  probably  almost 
never  cause  an  expression  like  (17)  to 
appear  to  be  a  constant;  this  would 
require  very  complicated  and  restrictive 
behavior  of  the  elements  of  (9). 

we  cannot  specify,  in  general,  what 
behavior  is  required  of  the  elements  of 

(9)  in  order  to  yield  a  clipped  and 
filtered,  nonstationary  random  process 
that  displays  a  specific  behavior. 
However,  an  example  is  presented  that 
shows,  for  one  specific  case,  the 
results  that  can  occur.  This  is  an 
expansion  of  the  preliminary  example  in 
Section  2.  In  the  preliminary  example 
it  was  stated  that  Figure  6  represents  a 
realisation  of  a  nonstationary  random 
process.  In  fact,  the  nonstationary 
random  process  has  two  components; 
realisations  of  those  component  random 
processes  are  shown  in  Figures  10  and 
11.  Figure  10  is  the  low  frequency 
component.  It  is  a  four  second  segment 
of  band-limited  white  noise  with  signal 
content  in  the  range  6  rad/sec  through 
1257  rad/scc  (1  Hs  through  200  Hz)  and 

spectral  density,  400  ( rad/sec)-1, 
multiplied  by  the  modulating  function 

Ax(t)  -1+50  e"l,5t  ,  t  >  20  .  (21) 

Figure  11  is  the  high  frequency  com¬ 
ponent.  It  is  a  four  second  segment  of 
band-limited  white  noise  with  signal 
content  in  the  range  1257  r ad/sec 
through  2513  rad/sec  (200  Bz  through  400 
Hs),  and  spectral  density,  10,000. 

The  components  in  Figures  10  and  11 
are  summed  to  form  Figure  6.  The  result 
is  clipped  at  a  level  of  10,000  units 
and  then  filtered  using  a  four-stage 
Butterworth  filter  with  cutoff  frequency 
of  1257  rad/sec  (200  Hz).  The  result  is 
shown  in  Figure  7.  The  clear  non- 
stationarity  in  Figure  7  results  from 
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the  fact  that  component  one,  in  Figure 
10,  starts  naar  saro,  is  vary  saall 
toward  tha  and,  and  is  greater  than 
component  two,  in  Plgura  11,  batwaan  tha 
tiaas  0.2  sac  and  1.4  sac. 


time ,  sec 

Figure  10.  Component  number  one  of 
•the  signal  in  Figure  6. 
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Figure  11.  Component  number  two  of 
the  signal  in  Figure  6. 


5.0  Conclusions  and  Recommendations 

Wa  have  shown  that  tha  raal  danger 
of  producing  arronaous  but  plausible 
data  can  rasult  froa  the  analysis  of 
randoa  data  which  has  been  clippad  and 
filtarad.  while  this  error  probably 


occurs  infrequently  tha  possibility  has 
serious  iaplications. 

it  would  saaa  appropriate  to  add 
soaa  kind  of  an  overload  detector  to  tha 
instrumentation  to  avoid  this  problem. 
A  siapla  peak  overload  detector  does  not 
saaa  appropriate  because  a  few  clippad 
peaks  will  do  vary  little  damaga  to 
randoa  data.  A  siapla  peak  detector 
would  detect  even  a  single  peak  which 
exceeded  tha  clipping  level.  A  batter 
idea  is  to  measure  the  rectified  average 
of  the  data  before  any  filtering.  For  * 
severely  clipped  signal  this  average 
will  approach  the  clipping  level. 
Unclipped  data  will  have  an  average  much 
less  than  the  clipping  level.  For 
normally  distributed  random  data  the 

average  will  be  /T/n  times  the  standard 
deviation.  The  time  constant  of  the 
averaging  circuit  would  be  set  by  the 
bandwidth  of  the  input  data  to  give  an 
acceptable  error  in  the  estimate  of  the 
rectified  average,  and  the  duration  of 
the  event  to  be  detected.  The  rectified 
average  is  compared  with  a  predetermined 
voltage  level  which  represents  a  frac¬ 
tion  of  the  clipping  level.  When  the 
rectified  average  exceeds  the  reference 
level  an  overload  detector  is  turned  on. 
The  overload  detector  could  be  sampled 
and  reset  at  a  low  rate.  This  simple 
method  would  eliminate  the  possibility 
of  undetected  errors  addressed  in  this 
paper. 


Appendix  —  Development  of 
Autocorrelation  of  Clipped  Random 
Process 

The  mathematics  connecting  (2)  to 
(3)  in  the  text  are  presented  in  this 
section.  when  (1)  is  used  in  (2)  the 
result  is 

RyyU)  -  B[  (X(  t )  -  H(X( t)-a) [X( t)-a] 

-  B(-X( t)-a) [X( t)+a] )  * 

(X(t+x)  -  B(x(t+x)-a)[x(t+x)-aJ 


-  B(-X(t+x)-a)lX(t+x)+a] ) ]  .  (Al) 

When  the  product  on  the  right  is  ex¬ 
ecuted  the  result  is  the  expected  value 
of  nine  terms.  The  first  is  X(t)X(t+x); 
the  second  is  -X(t)H(X(t+x)-a)(X(t+x)- 
a),  etc.  The  expected  value  of  the 
first  term  is  RXJt(x).  The  expected 

value  of  the  second  term  is 


-J_j*  1  Jadx23tl(x2-,)Px1X2(xl'x2)  (A2) 
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where  tit*  expected  value  1*  written  in 
terns  of  the  joint  probability  density 
function  (pdf)  of  two  random  variables. 
Xj  identifies  with  X(t),  and  X2  iden¬ 
tifies  with  X(  t'f t ) .  The  joint  normal 
pdf  is 

’  uM-? 


•*»<-  —  V  a 


X2(p)  -  0  ,  p  -  -1  (A7) 

Consider  next  ljU)  »t  »  •  1.  in 

this  situation  x2  -  X2  and  (A4)  is  the 

expected  value  of  (X-a)2H(X-a) ,  where  x 
1§  *  mean  sero  normal  random  variable 

with  variance  v2»  and  H(.)  is  the 
Heaviside  function.  A  straightforward 
evaluation  yields 

X^a)  -  U2+»2>U  -  *<£>)  -  7H 


-•<x1<»,  -»<x2<«  (A3) 

The  expected  values  of  all  the  terms  in 
( A1 )  can  be  written  in  a  similar 
fashion,  and  all  can  be  evaluated  by 
establishing  expressions  for  two  in¬ 
tegrals!  these  are 

tm  r“ 

XjU)  -  J  dx2  J  dx2  (x1-a)(x2-a) 

pX1X2(*1'*2)  (A4) 


exp  t-  |  (*)2)  *  a  -  1  .  ( A8 ) 

When  p  -  0  the  cross  terms  in  (A3) 
vanish,  therefore,  (A4)  is  easy  to 
evaluate,  it  is 

X1(a)  -  fall  -  •(*)) 

-  tjx  *xp  I”  T  t^)2))  *  p  “  0 

(A9) 


x2(p)  -  |  dxx  j  dx2  x1(x2-a) 

pX1X2(*1'x2)  (a5) 


Finally, 

knowing  Ip.  - 
*1*2 

place  of  pT  - 
*1*2 


llj/lp  can  be  evaluated  by 
(x1,x2)/»a  and  using  it  in 

(*1'*2)  ln  (A4>* 


•oth  these  expressions  can  be  accurately 
approximated. 

Consider  first  I2(a).  When  (A3)  is 
used  in  ( A5)  the  integral  can  be 

executed,  and  the  remaining  integral  is 
related  to  the  standard  normal  cumula¬ 
tive  distribution  function  (cdf).  The 
result  is 

X2(p)  -  p«2( 1  -♦(*)!-  b2p  (A«) 

where  •(.)  is  the  standard  normal  cdf. 

The  Integral  X^(p)  must  be 

evaluated  differently.  We  do  this  by 
evaluating  l^(p)  at  p  -  -1,  0,  +1,  and 

evaluating  IXj/lp  at  p  «  0,  then  using 

the  results  to  write  a  cubic  approxima¬ 
tion  to  X2(p),  -1  <  p  <  1.  Consider 

Ij(p)  at  p  -  -1.  in  this  situation 

P*  *  (*!**■»)  is  a  delta  function  with 
*1*2  1  2 

nonsere  values  only  above  the  line  x2  - 
-Xj.  Us*  of  this  fact  in  (A4)  yields 


IV  PX1X2(xl'*2) lp-0  " 

‘i11” 

Appropriate  use  of  this  expression 
yields 

IX. ( p)  2 

-ji - -  eall  -  ♦(*)  ]  ,  p-0  .  (All) 

Based  on  (A7),  (A8),  (A9)  and  (AlO), 

Xj^p)  can  be  approximated 

Xx ( p )  -  e2(s0  +  axP  +  SjP2  ♦  a3p3)  (A12) 
where 

•o  ■  <7ii «» -5  11  - 

«!  -  u  - 
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*2  -  I  “  +  (f,2jU  “  #(!>J 
'  Ie72x  •xPI4(t)  1 

-  <73i  •xPf_I(t)  1  "  t[1  "  *<tf)n 

*3  -  i  u  ♦  <^)2ni  -  '<!>i 

-  nfcs  «pi-i<S>2»  - 11  -  • 

Thn  foinulai  (A6)  and  (A12)  can  now 
hj  used  to  aatabliah  tha  approximation 
for  R (t).  tha  integrals  like  (A2) 
YY 

that  result  tha  axpansion  of  (Al) 

must  first  bo  written  in  tarms  of  I^(?) 

and  I2(p)>  Th«  rasult  is 

-  *,,<*>  *  ><*»<•>  - 
-  2Ij{»l>  •  ikl3) 

When  (Ad)  and  (Al2)  ara  usad  in  (Al3) 
tha  rasult  is  {3}  in  tha  teat.  In 

2 

developing  (3)  It  is  recognised  that  pc 


3.  Jung,  W.,  Stephans,  K.,  Todd,  C. , 
"An  Overview  of  SID  and  TIM,  Part 
11-Testing,"  Audio,  V.  63,  July, 
1979. 

4.  Walter,  P. ,  "Problems  with  Frequency 
Creation  in  Nonlinear  Measurement 
Systems,"  to  be  published  IHgKO  XI 
Proceedings,  11th  Triennial  World 
Congress,  International  Measurement 
Confederation,  Houston,  TX,  October 
19S8. 

5.  Papoulis,  A.,  Probability,  Random 
Variables,  and  Stochastic  Processes, 
Meflraw-Bill,  New  York,  196S. 


To  check  the  accuracy  of  the  for¬ 
mulas  in  (A6)  and  (A12J,  they  vere 
substituted  into  (A13)  and  compared  to 
the  case  where  (A4)  and  (A5)  were  in¬ 
tegrated  numerically  and  teed  in  (A13). 
Figures  Al  and  A2  show  comparisons  o* 

Rxx(t)/a2  as  a  function  ;f  p  for  the 

ar  -’■oximatio!*  (solid  line)  and  the 
u  ,rical  estimate  (points).  Figure  Al 
ix  the  case  where  a/e  »  0.£,  Figure  A2 
is  the  case  where  s/v  -  1.0.  The 
greatest  error  appears  to  be  lower  than 
three  perce  . 
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Figure  Al.  Autocorrelation  function 
of  a  clipped  signal  as  a 
function  of.  correlation  . 
coefficient  of  the  under¬ 
lying  signal,  r/o-*L, 
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FULLY  TURBULENT  INTERNAL  FLOW 
EXCITATION  OF  PIPE  SYSTEMS 


J.M.  Cuschieri,  E.J.  Richards.  S.E.  Dunn 
CENTER  FOR  ACOUSTICS  AND  VIBRATIONS 
Department  of  Ocean  Engineering 
Florida  Atlantic  University 
Boca  Raton,  FL  33431 


The  excitation  of  pipe  systems  due  to  the  internal  flow  turbu¬ 
lence  is  examined.  The  response  of  a  pipe  structure  excited  by 
a  fully  turbulent  jnt  nal  flow  ic  described  in  terms  of  a  forc¬ 
ing  function  dependent  on  the  turbulence  pressure  spectrum  and 
the  corresponding  functions  of  the  correlation  areas,  and  the 
mechanical  mobility  of  the  pipe  structure.  The  resulting  form 
of  the  pipe  response  is  examined  for  both  air  and  water  flows 
with  comparisons  being  made  tc  previously  published  analytical 
and  experimental  results. 


INTRODUCTION 

The  excitation  of  pipe  systems 
due  to  the  internal  flow  can  contribute 
significantly  to  the  total  vibrational 
energy  on  board  naval  vessels.  There 
ere  a  number  of  sources  that  can  excite 
a  typical  pipe  system  and  in  general 
these  excitation  sources  can  be  divided 
into  four  types: 

(1)  The  excitation  of  the  pipe  wall 
due  to  the  internally  fully  developed 
turbulent  flow. 

(?.)  The  excitation  of  the  pipe  wall 
due  to  acoustic  waves  propagating  in 
the  internal  fluid. 

(3)  The  excitation  of  the  pipe  by 
extra. -nal  mechanical  forces  which  have  a 
defined  point  cf  application. 

(4)  The  excitation  of  the  pipe  wall  by 
enhanced  turbulence  created  by 
separated  flew  near  pipe  fittings, 
valves,  etc. 

The  excitation  from  unbalanced 
acoustic  forces  near  pipe  system  bends 
or  bifurcations  can  be  included  with 
excitation  type  (3)  since  the  location 
of  these  type*  of  sources  is  defined. 
Acoustic  waves  propagating  along  a  pipe 
section  have  to  change  direction  when  a 
pipe  bend  is  encountered.  The  change  in 
direction  and  the  different  areas  of 
pipe  wall  at  che  band  over  which  the 
acoustic  pressures  act  create 
unbelai  ed  forces  [1]. 

In  developing  vibration  control 
solutions  for  a  piping  system,  it  would 
be  required  that  the  above  excitation 


sources  be  classified  in  importance. 
Thus  it  would  be  convenient  that  If  an 
energy  method  is  used  in  the  analysis, 
a  consistent  form  of  expressing  the 
energy  transferred  to  the  pipe  section 
by  each  source  should  be  developed. 

The  energy  transferred  from  each  of  the 
above  sources  to  the  pipe  system  can  be 
expressed  in  terms  of  an  equivalent 
forcing  function  and  r.  structural  point 
response  of  the  pipe.  Thus  the  task  of 
classifying  the  sourceo  would  reduce  to 
obtaining  equivalent  force  terms  for 
each  of  the  sources.  In  this  paper  em¬ 
phasis  is  placed  cn  the  energy  input 
frem  the  fully  turbulent  flow  excita¬ 
tion.  However,  the  results  are  also 
useful  in  the  analysis  of  the  energy 
input  from  the  enhanced  turbulence 
excltacion  due  to  separated  flow  near 
pipe  fittings. 

Extensive  work  has  been  done  on  the 
excitation  of  pipe  sections  by  the 
internally  fully  developed  turbulent 
flow  for  both  air  and  water  systems . 

The  result  of  previous  work  is 
generally  in  the  form  of  a  joint 
acceptance  function  initially 
introduced  by  Powell  [2],  which  matches 
the  excitation  with  the  response  of  the 
pipe  structure.  This  approach  is  only 
necessary  for  low  frequency  analysis 
where  individual  modes  have  to  be 
studied  separately.  For  medium  to  high 
frequency  regimes,  where  the  modal 
density  is  high,  some  approximations 
can  be  applied  to  the  joint  acceptance 
function  to  obtain  an  expression  for 
the  vibration  level  or  the  input  energy 
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to  Che  pipe  scruccure  in  terms  of  che 
internal  curbulence  pressure ,  Che 
associaced  correlaCion  area  and  che 
point  response  of  che  pipe  structure. 
The  combination  of  che  pressure  and 
correlation  area  is  required  since  the 
energy  chat  escapes  into  the  pipe 
structure  depends  on  the  level  of  force 
excitation  and  not  simply  on  the 
pressure  excitation.  Thus,  axial  and 
circumferential  correlation  lengths  of 
the  pressure  fluctuations  will  be 
included  in  the  forcing  term. 

GENERAL  PIPE  RESPONSE 


The  response  of  a  pipe  structure 
excited  by  fully  turbulent  internal 
flow  can  be  given  in  terms  of  a  forcing 
function,  which  is  dependent  on  the 
turbulence  pressure  spectrum,  the 
mechanical  impedance  or  mobility 
function  of  the  pipe  structure  and  a 
joint  acceptance  function; 


(X’y)  *D  a2  j2<*> 

<♦.(«)>  »  T  ® - E_ - 

d  rorn  .  ~  ^ .  2 

'Tun  (-)l  (1) 


where  <  >  denotes  spatial  averaging, 

amn  (x,  y)  are  the  mode  shapes  of 
vibration,  Sp(«)  and  +d(*)  are  the 
power  spectral  density  functions  of  the 
turbulence  pressure  and  the  pipe  wall 
displacement  vibrations  respectively, 

A  is  the  surface  area  of  the  pipe, 
ZmnCtt)  is  the  impedance  of  the  mn  th 
mode  and  J2(«)  is  the  Joint 
acceptance  function. 


function  which  if  then  substituted  into 
Equation  (1)  a  relationship  for  the 
pipe  response  is  obtained.  Since  the 
derivations  of  the  correlation 
functions  has  been  done  in  a  number  of 
references,  rather  than  repeating  these 
derivations  here,  relevant  results  from 
selected  references  that  deal  with  air 
and  water  systems  separately,  will  be 
stated. 

HATER  FLOW  SYSTEMS 


Extensive  work  has  been  done  by 
Clinch  [6]  in  developing  the  expression 
for  the  Joint  acceptance  function  for 
water  flow  in  pipe  systems.  The  ex¬ 
pression  for  the  joint  acceptance 
function  is  obtained  in  terms  of  two 
components  for  a  pipe  with  its  axis 
along  the  x-direction. 

J2(e)  -  Jx2(e).  Jy2(*>  (3) 

where  Jx2(*)  is  the  axial  component, 
given  by 


<•> 


where 


Lx  is  the  axial  correlation  length; 
and  Jy2(«)  is  the  circumferential 
component  given  by 


(4) 


br 

2sa 


(5) 


The  joint  acceptance  function  is  a 
measure  of  the  effectiveness  of  the 
turbulence  pressures  in  exciting 
specific  modes  of  vibration  within  a 
particular  frequency  range.  In  general 
the  joint  acceptance  function  is  given 
by  [2]; 

/  /  / /Vx i  VVV> 


where  Ly  is  the  circumferential 
correlation  length.  Since  Ly  <<  a, 
where  a  If  the  radius  of  the  pipe 


J2(*>  « 


S  hr  r  _ ik _ _  1 

2,aL  Lu2+t^12j 


(6) 

(7) 


amn^xl ,yl ^“mn  (X2  ^j^lx-idy^c^*^ 

(2) 

Rf  represents  the  spatial  correlation 
between  the  pressures  at  points  (x^, 
yi)  and  (x£,  yz)  in  a  narrow  frequency 
band  A*>  centered  on  «;  A  is  the  surface 
area  of  the  pipe  wall  and  Ogg,  (x,  y) 
are  the  mode  shapes . 


which  for  low  frequencies ,  simplifies  to 

t2,  .  _  LxLv 

J»aL  (8) 

and  for  high  frequencies 


For  a  convected  turbulent  wall 
pressure  in  a  longitudinal  flow  di¬ 
rection,  space-time  correlation 
functions  have  been  developed  in 
references  [3.C  and  5}.  These 
functions  can  be  substituted  in  the 
expression  for  the  joint  acceptance 


The  low  frequency  expression  for 
the  joint  acceptance  function  assumes 
that  the  turbulence  pattern  travels 
unaltered  downstream  at  a  convection 
speed  of  Uc.  At  low  frequencies  the 
correlation  area  given  by  Lx  Ly  is  very 
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small  compared  to  the  w_ve  length  and 
thus  the  excitation  can  be  considered 
as  being  equivalent  to  a  point  force. 

The  high  frequency  expression  shows 
that  the  excitation  is  not  due  to  the 
pressure  acting  over  a  small  area  over 
which  the  pressure  is  correlated.  The 
area  represented  by  Lx  Ly  becomes  too 
large  compared  to  the  wavelength,  in 
which  case  the  high  frequencies  cannot 
be  excited.  This  would  be  the  case  had 
the  turbulence  pattern  been  stationary, 
that  is  nonconvected.  However, 
turbulence  eddies  are  propagating 
downstream  with  the  convection  velocity 
Uc.  Thus  each  eddy,  although  of  a  size 
which  is  too  large  compared  with  the 
wavelength,  is  rolling  along  the  length 
of  the  pipe  exciting  the  high 
frequencies  due  to  this  "rolling  ball" 
effect.  Thus  the  input  energy 
expression  can  still  be  given  in  terms 
of  a  point  force  and  a  point  response. 
That  is  the  input  energy  into  a  pipe 
structure  due  to  the  internal  fully 
developed  turbulent  flow  excitation  is 
given  by 

Eln  -  1/2  [*p  Ac  2*aL]  Real  [M(m)]  (10) 

where  M(»)  is  the  point  mobility 
response  of  the  pipe  structure  and 

Ac  ■  Lx  Ly  at  low  frequencies,  and 


He 


at  high  frequencies  (11) 


This  result  can  be  compared  to  the 
analytical  and  experimental  results 
obtained  by  Clinch.  In  his  paper  Clinch 
expressed  the  result  in  terms  of  the 
spatial  avei'aged  mean  squared  value  of 
the  displacement  for  a  finite  length  of 
pipe  isolated  from  the  rest  of  the  pipe 
system.  Therefore  in  this  experiment 
the  energy  that  escaped  into  the  pipe 
could  only  be  dissipated  or  radiated  as 
acoustical  energy  out  of  the  pipe. 
Setting  up  an  energy  balance  for  a 
single  isolated  pipe  section  the  input 
energy  can  only  be  dissipated  due  to 
structural  damping  and  radiation 
damping .  Thus 


®in  *  Ediss  “  **3  Pe^  2»a  L  n  <  W2>  (12) 

where  Pe  is  the  equivalent  density 
taking  into  account  the  effect  of  the 
water  loading,  <W2>  is  the  Bpatial 
averaged  mean  square  value  of  the 
surface  displacemenT  and  n  is  the 
structural  and  acoustic  damping  of  the 
pipe.  Also 


Real  [M(«>)] 


2s 

p  iiaLh 
e 


1  Am  ’  (13) 


Thus 

<S>  “  pel»aLh 


i  >  _aN  tP(«)l2 

^  2*a  L  hp  t?  n 

(14) 


where  |P(«>)|2  is  the  spectrum  of  the 
pressure,  and 


s  »  2i  .  ^  AN  1 

<*d>  ~T~l 2  ♦pSil  *  ~  •  “3 
Pe  h  « 

which  is  similar  to  the  expression 
given  by  Clinch. 


(15) 


Figure  1. 

Comparison  between  the  results  obtained 
by  Clinch  and  tha  results  obtained 
using  equation  (15)  for  the  displace¬ 
ment  power  spectrun  of  the  pipe  wall. 

(a)  Experimental  results  by  Clinch;  (b) 
and  (c)  low  and  high  frequency 

asymptotes  of  equation  (15);  + - + 

Theorotlcal  results  obtained  by  Clinch. 

Figure  (1)  shows  a  comparison 
between  the  experimental  results 
obtained  by  Clinch  and  the  results 
obtained  by  using  the  above  expression 
for  the  response.  In  computing  the 
response  the  results  for  the  measured 
correlation  areas  and  the  pressure 
power  spectrum  from  Clinch's  work  are 
used  which  are  shown  in  Figures  (2)  and 
(3)  respectively.  i'Jgure  (4)  shows  the 
equivalent  density  term  as  a  function 
of  frequency;  note  the  increase  in 
apparent  density  at  low  frequency 
because  of  the  water  added  mass  effect. 
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Strouhal  No.  fd/t^. 

Figure  2. 

Low  and  high  frequency  aayeptotea  for 
the  correlation  area,  (ai)  Measured 
correlation  area  by  Clinch;  (b)  low 
frequency  aaynptote;  (c)  high  frequency 
asynptote.  At  a  flow  speed  of  1.5  a/s 
in  a  5  ce  pipe  a  Strouhal  Mo.  of  1.0 
correaponda  to  30  Ms,  and  at  a  flow 
rate  of  9  a/s  it  corresponds  to  180 


Strouhal  NO.  fd/lU 


Figure  3. 

Internal  turbulence  pressure  spectrua 
Matured  by  Clinch  and  used  in  this 
analysis  for  water  flow  syateas. 

Figure  (5)  shova  the  nean  structural 
response  tens  Real  also 

modified  from  the  response  of  a 
cylindrical  shell  in  a  vacuum  because 
of  the  added  mss  effect  which  is 
Included  in  the  Pe  term. 


0  .4  . 6  1.2  1.6 
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Figure  4. 

Change  of  effective  density  with 
fraquency  for  a  water  flow  syaten  due  to 
water  loading  p«  *  Pa  (1  +  1>B) 


F requeney  KHz 


Figure  5. 

Mean  point  nobility  response  for  a 
water-loaded  thin  walled  cylindrical 
shell . 

AIR  FLOW  SYSTEMS 

Work  on  the  analysis  of  air  flow 
systems  is  more  extensive  than  that  for 
water  flow  systems.  Bull  and  Rennison 
f 7 J .  Bull  and  Norton  [8],  Reethof  [9], 
Fagerlund  [10],  to  name  just  a  few, 
developed  relationships  which  are 
generally  based  on  the  joint  acceptance 
function.  Bull  [7]  from  the  general 
result  stated  in  Equation  (1)  developed 
an  expression  for  the  noise  radiated 
from  a  straight  pipe  section  due  to  the 
excitation  from  the  internal  turbulent 
flow.  This  expression  includes  the  use 
of  the  joint  acceptance  function, 
defined  siadlar  to  Equation  (2). 
Following  a  similar  analysis  as  for  the 
water  flow  systems  an  expression  for 
the  input  energy  can  be  obtained  in 
terms  of  the  point  response  of  the 
pipe,  the  turbulence  pressure  spectrum 
and  a  correlation  area  expression 
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obtained  from  the  joint  acceptance 
function.  The  expression  for  the 
energy  input  thus  obtained  is  as 
follows; 
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in 


lv 

aL  <  T? 


h  c 


LP 


TP 

y  x 

Real  [M(*)] 

where  C^p  is  defined  by 

c  -  r  — s - l 

LP  1  pa  d-r)2  j 


* 


i?  M2 
°) 

(16) 

(17) 


u  is  the  ratio  of  the  convection 
velocity  Uc  to  the  mean  flow  velocity 
and  Mq  is  the  flow  mean  Mach  number. 

In  obtaining  the  above  expression  the 
following  approximations  were  made: 
(l-y2)  1  «  1  and  4/(^6)  «  0.5.  In 
the  expression  for  Cy?  an  equivalent 
density  term  is  used.  However,  in  the 
case  of  an  air  flow  system,  the 
influence  of  the  Internal  medium  ia 
negligible  and  thus  the  equivalent 
density  ia  equal  to  the  density  of  the 
material  of  the  pipe  structure,  p*. 

This  expression.  Equation  (16),  is 
for  a  straight  pipe  section  which  can 
dissipate  the  energy  either  through 
damping  losses  or  through  acoustical 
radiation.  Using  this  expression  to 
obtain  the  surface  vibration  level  and 
introducing  a  radiation  efficiency  term 
for  the  pipe  wall  oraH,  the  radiated 
noise  energy  in  one-third  octave 
frequency  bands  is  given  by 
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-■**-  - -  )  Real  [M(e)] 

(18) 

This  expression  is  similar  to  the  one 
developed  by  Bull  for  the  noise 
radiated  from  a  straight  pipe  section 
excited  by  fully  turbulent  flow.  The 
results  obtained  for  the  radiated  noise 
in  one-third  octave  frequency  bands 
using  Equation  (18)  a**e  compared  to  the 
experimental  results  obtained  by  Bull 
in  Figure  (6).  The  agreement  in  the 
results  is  good,  especially  in  the 
shrpe  of  the  spectrum  for  the  radiated 
noise  power,  also,  the  estimated  levels 
and  sound  power  levels  measured  by  Bull 
are  in  close  agreement.  There  is  some 
discrepancy  between  the  estimated  and 
measured  levels  in  the  one-third  octave 
frequency  band  centered  on  630  Hz. 
Within  this  frequency  band  exists  the 
cut-off  frequency  of  the  second  higher 
order  mode.  Because  the  relative 


change  in  the  frequency  with  increasing 
axial  wavenumber  is  very  slow  compared 
to  the  structural  mode,  complete 
coincidence  for  this  mode  occurs  close 
to  the  cut-off  frequency,  that  is  the 
radiation  efficiency  should  be  unity  in 
this  frequency  band.  If  this  is  taken 
into  account  good  agreement  is  also 
achieved  in  this  one-third  octave 
frequency  band.  Figure  (7)  shows  the 
frequency  averaged  point  mobility 
response  for  the  pipe  structure  which 
is  different  from  the  one  shown  in 
Figure  (5)  because  in  this  case  the 
fluid  loading  effect  is  negligible. 
Figure  (8)  shows  the  internal 
turbulence  pressure  spectrum  measured 
by  Bull.  Both  results  in  figures  (7) 
and  (8)  were  used  in  the  above 
computations  of  the  radiated  acoustical 
power . 

DISCUSSION  OF  THE  RESULTS 

In  the  two  expressions  obtained  for 
the  input  energy  due  to  excitation 
from  the  fully  turbulent  flow  an 
important  requirement  is  Information  on 
the  nature  and  magnitude  of  the 
turbulence.  A  parameter  which  appears 
in  both  the  water  flow  and  the  air  flow 
expressions  ia  the  convection  velocity 
of  the  turbulence,  Uc.  This  has  been 
measured  in  a  number  of  references  [6, 
11],  and  is  typically  a  constant  with 
frequency,  equal  to  approximately  62% 
of  the  mean  flow  velocity.  This  value 
for  Uc  was  used  in  the  above  calcu¬ 
lations  . 


Figure  6. 

Comparison  of  experimental  data  to 
astlmstes  obtained  using  equation  (18) 
for  an  air  flow  system  with  Mach  No. 

0.22.  _ :  estisated  data;  _ : 

estimated  data  with  modified  radiation 
efficiency;  experimental  data 

by  Bull. 
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Flfin  7. 

Point  Mobility  response  for  a 
cylindrical  ahall  balow  tho  ring 
frequency,  diaaatar  of  '(hall  0.363  ca 
and  thickness  1.4ee. 


Figure  8. 

Praaaura  apactrun  aa  measured  by  Bull 
for  air  flow  ayataaa.  *****  aoaa 

experimental  raaulta;  _ ,  bant  fit 

curve.  The  flow  aach  nuaber  la  0.22 

Two  other  important  parameters  are 
the  correlation  lengths  in  the  axial 
(Lx)  and  circumferential  (Ly) 
directions.  The  absolute  value  of 
these  two  parameters  is  only  necessary 
in  the  case  of  water  flow  systems  at 
low  frequencies  where  the  value  of  the 
joint  acceptance  function  is  dependent 
on  the  product  of  these  two  correlation 


lengths.  Equation  (8).  For  a  5cm 
diameter  pipe  and  a  flow  speed  of  1 . 5 
m/s;  low  frequencies  would  be  less  than 
approximately  50Hz,  while  for  a  9  m/s 
flow  rate,  low  frequencies  would  be 
less  than  approximately  200  Kz,  Figure 
(2).  Thus  for  most  of  the  frequency 
range  of  interest,  in  the  audible 
frequency  range,  both  for  air  and  water 
flow  syt  terns  only  a  ratio  of  these  two 
correlation  lengths  is  required.  The 
value  of  this  ratio  can  also  be  found 
in  a  number  of  references  and  in 
general  it  is  a  constant  and 
independent  of  frequency  with  Ly/Lx 
being  equal  to  approximately  0.2  This 
implies  that  the  only  turbulence  in¬ 
formation  required  is  the  amplitude  and 
frequency  content  of  the  internal 
turbulence  pressure. 

Comparing  the  two  results  for  the 
air  flow  systems  and  water  flow  systems 
the  input  energy  is,  in  the  case  of  air 
flow,  dependent  on  the  flow  Mach 
number.  The  reasons  for  this  flow 
velocity  dependence  in  the  case  of  air 
systems ,  are ,  the  cut-on  frequencies  of 
the  high  order  modes  decreases  with 
increasing  mach  number  and  the  speed  of 
propagation  of  these  spiralling  modes 
is  a  function  of  the  flow  velocity. 
Thus,  as  the  flow  mach  number 
increases  there  will  be  more 
propagating  modes  and  more  of  these 
modes  becoste  coincident  with  the 
structural  modes  at  lower  frequencies. 
This  will  result  in  more  vibrational 
energy  being  transmitted  into  the  pipe 
structure,  and  hence  the  transmission 
loss  of  the  pipe  wall  will  decrease 
with  increasing  flow  speeds.  In  the 
case  of  water  systems  the  flow  mach 
number  is  negligibly  small  and  thus 
there  is  no  effect  on  the  higher  order 
modes  compared  with  the  no  flow 
condition.  In  this  case  coincidence 
between  the  structural  and  acoustical 
modes  does  not  occur  within  the 
audible  frequency  range  for  general 
piping  systems  and  the  water  inside  the 
pipe  act  as  a  reactive  medium.  Thus 
for  water  systems  the  energy  input  into 
the  pipe  structure  is  independent  of 
the  flow  speed.  This  dependency  on  the 
flow  mach  mutber  to  the  power  of  two 
for  air  systems  explains  the  6  dB 
change  per  doubling  of  flow  speed  for 
the  transmission  loss  of  the  pipe 
obtained  by  Holmer  and  Heymann  { 12 ] . 

Another  observation  is  that  the 
input  energy  expressions  are 
independent  of  the  size  of  the 
turbulence  (especially  at  high 
frequencies),  they  are  only  dependent 
on  the  ratio  of  Ly/Lx-  Therefore  these 
expressions  can  also  be  used  to  obtain 
the  energy  input  near  a  pipe  bend  or 
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fitting  where  separation  of  flow  or 
enhanced  turbulence  exists.  In  regions 
of  separated  flow  with  enhanced 
turbulence  the  Increase  in  size  of  the 
turbulence  will  be  similar  in  both  the 
circuatferential  and  the  axial 
directions,  thus  the  ratio  Ly/Lx  will 
remain  constant  at  0.2.  The  only 
requirement  will  be  the  different 
pressure  spectrum  which,  depending  on 
the  pipe  fitting  creating  the  separated 
flow,  nay  change  both  in  frequency 
content,  and  magnitude. 

The  rest  of  the  parameters  in  the 
equations  are  pipe  structure  paraawters 
including  the  total  surface  area  of  the 
pipe  (2itaL).  The  length  of  the  pipe  L 
can  be  eliminated  from  the  expression 
if  the  input  energy  is  expressed  per 
unit  length.  This  modification  has  to 
be  included  in  dealing  with  the 
excitation  from  separated  flow  since  in 
this  case  the  excitation  is  only  over 
five  to  ten  diameters  from  the  pipe 
fitting  and  not  over  the  whole  length 
of  the  pipe  section. 

CONCLUSION 

From  the  expressions  that  have  been 
presented  and  the  comparison  with 
experimental  results,  it  can  be 
concluded  that  it  is  possible  to 
express  the  vibrational  energy  input 
from  turbulent  flow  excitation  in  the 
form  of  a  forcing  function  and  a  point 
mobility  expression.  This  form  of 
representing  the  energy  input  is  common 
to  other  forms  of  excitation  thus 
allowing  for  the  direct  comparison  of 
the  sources  exciting  a  piping  system. 
These  expressions  for  the  input  energy 
can  be  used  in  an  energy  accountancy 
approach  to  obtain  the  vibrational 
level  of  the  pipe  auction  or  the 
radiated  noise  energy  from  the  pipe. 

The  results  obtained  with  this  method 
compare  favorably  with  the  results 
obtained  through  the  evaluation  of  the 
joint  acceptance  function  and  with 
experimental  results  obtained  for  both 
water  and  air  flow  systems.  Because  of 
the  form  of  the  results  these  can  also 
be  used  to  estimate  the  energy  input 
near  pipe  fitting  due  to  the  separated 
flow  in  the  vicinity  of  pipe  fittings. 
However  no  experimental  results  are  yet 
available  which  can  be  used  to  verify 
this  conclusion. 

In  using  the  above  results  use  was 
made  of  measured  turb.  ce  pressure 
power  spectra.  This  is  i  limiting 
factor  on  all  forms  of  predictive 
methods  whether  using  the  above  method 
or  the  Joint  acceptance  function 
method.  Work  ia  currently  in  progress 
to  set  up  a  series  of  nosngrams  based 


on  experimental  data  which  can  be  used 
to  predict  the  amplitude  and  frequency 
content  of  the  turbulence  pressure 
spectrum  for  undisturbed  fully 
turbulent  flow  and  also  for  regions  of 
separated  flow. 
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Lagranglan  dynamics  Is  used  to  derive  the  equations  of  motion  for  two,  overhung, 
unbalanced  rotors  attached  to  a  rigid,  soft-mounted  block.  Solution  methods  are 
established  for  the  associated  eigenvalue  problem  and  for  steady-state  response. 

For  a  particular  set  of  parameters,  predictions  are  made  for  the  critical  speeds, 
the  steady-state  vertical  block  motion,  the  cross-talk  between  rotors,  and  the 
effect  of  rotor  speed  detuning. 

X 

INTRODUCTION 

Rotating  unbalance  Is  a  common  source  of 
vibration  excitation.  Electric  motors, 
turbines,  automobile  engines,  and  gyroscope 
wheels  are  examples  of  such  sources.  Often 
these  rotating  elements  are  mounted  on  block¬ 
like  structures  that  are  separated  from  a 
foundation  by  vibration  Isolators.  The  block  is 
then  actively  excited  by  the  rotating  unbalance 
and  responds  by  oscillating  on  the  low- impedance 
mounts.  This  paper  considers  such  response  for 
the  special  case  of  two  overhung  rotors.  The 
rotors  are  allowed  to  have  different  spin 
speeds,  different  angular  orientation  In  a 
vertical  plane,  and  different  amounts  of 
unbalance.  Figure  1 

MODEL  Of  THE  ROTOR  Although  the  above  hinge  model  is  appro¬ 

priate  for  some  applications,  other  appllca- 

The  rotor  model  Is  shown  In  Figure  1.  A  tlons  are  better  served  by  a  shaft  with 

rigid,  circular  disk  of  mass  m  is  mounted  on  a  distributed  elasticity.  This  modification 

massless  shaft.  The  shaft  Is  modeled  as  two  would  net  change  the  method  used  below  but 

rigid  links  connected  by  a  hinge  of  rotary  would  change  the  various  energy  expressions 

stiffness  k.  The  hinge  Is  assumed  rigid  and  the  form  of  the  equations  of  motion, 

against  translation.  The  Inner  link  of  the 

shaft  Is  supported  by  rolling-element  bearings  If  the  translations  of  the  rotor  center 

that  are  mounted  concentric  with  the  spin  axis  are  denoted  by  u„  and  wR,  see  Figure  2,  and  If 

y.  The  outer  link,  of  length  s,  supports  the  ud,  wr  «s,  the  strain  energy  In  the  rotary 

overhung  disk  whose  mass  center  is  offset  from  hlnge*can  be  written 

the  spin  axis  by  a  radial  distance  e.  The  •,  \  » 

rotor,  links,  and  hinge  all  rotate  about  the  U„  ■  ■y(k/.2)u0t  +  ■yfk/  2)wD4  (1) 

y-axis  with  angular  speed  p.  * 


187 


The  coordinates  of  the  rotor  center  of  gravity 
are 


uR  +  eslnnt 
Wp  +  ecosnt 


(2) 


Figure  3 


so  that  the  translational  kinetic  energy  of  the 
rotor  Is 


ROTORS  AND  RLOCK 


^1*7  (un+es^nn<:)]^ 

+  7  (wn+ecosfl<;)3^ 


which  becomes 


T!  =  W  +  7""r2  ♦  muRencosnt 

•  1  2 
-  mwRens1nnt  +  ^(en) 


(3) 


(4) 


The  expression  of  rotational  kinetic  of  the 
rotor  is  mere  complicated  but  may  be  shown  to 
be  [1 ,  appendix  AJ 

t  =  1  21  +  1  i  In2  20UR%  tv 

T2  7  ^?'UR  +*R  }  +  7  *y'°  ’  (5) 


The  strain  enei'ay  for  rotor  l  is 
UR1  "  7^  +  7<^7)wF.l2  'B- 

and  the  kinetic  energy  1$ 

TR1  *  jMui 2+^2^  +  I^Rl*  +  vM2) 

'  +  ™1e1°1cosn1t 

-  mwje^slw^t  (0) 

where  u1  ■  uR1  +  XR 

"l  "  WR1 


where,  by  symmetry,  I2  =  Ix< 

The  terms  im(efl)2  In  (4)  and  I  In2  In  (5) 
represent  the  kinetic  energy  of  the  undeflected 
rotor.  As  such,  they  will  disappear  from  any 
subsequent  equations  of  motion  and  will  be 
dropped  at  this  point. 

MODEL  OF  THE  BLOCK 

* 

A  block  with  two  overhung  rotors  and  three 
vibration  Isolators  Is  shown  in  Figure  3.  The 
rotors  are  oriented  as  shown  with  angular  speeds 
n-|  and  n2  about  »i  and  Y2.  The  block  Is  assumed 
to  be  rigid  with  mass  M  and  to  translate  In  the 
vertical  (X„)  direction  without  rotation.  The 
strain  energy  of  the  block  Is 

UB  -  \  KbXb2  (6) 


Similarly  for  rotor  2 

URZ  *  7  (7)  UR22  +  7  WR22  (10) 

TR2  *  ^m(u2Z  +  v22  +  w22) 

+  1  (^7)  (UR22  +  wR223 
I  yfl?  . 

-  -*£=■  (uR2wR2)  +  mu2e2n2COSC2t 

-  mw2e2n2s1nn2t  (11) 

where  u2  B  uR2  +  XBcosp 


where  Kd  ■  Cl  +  C2  +  C3.  The  k4 retie  energy  of 
the  block  Is 


MXn 


(7) 


w2  »  wR2 
v2  ■  XgSlnB 
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It  can  be  noted  that  the  only  distinctions 
maintained  between  rotors  1  and  2  are  the  terms 
and  a2,e2< 

The  strain  energy  and  kinetic  energy  of  the 
combined  rotors  and  blocks  are 


U“UR1 

f  UR2  +  UB 

(12) 

T*TR1 

+  TR2  +  TB 

(13) 

K,  -  k/s2 
k2  -  Kg 

T  2  2 

(F)  -  {me^i  slnn^t,  cosset, 

2  2 
me2n2  s1nn2t »  me2a2  cosflgt, 

2  2 

me^  slnn-jt  +  me2ru  coseslm^t) 


EQUATIONS  OF  MOTION 

The  expressions  for  U  and  T  given  In  (12) 
and  (13)  can  be  used  In  Lagrange's  equations  to 
give  [1 ,  appendix  B] 


{«> 

EIGENVALUE  SOLUTION 


{uRl  ,WR1  *UR2**R2,XB} 


+  [G]{«}  +  [K]{«}  -  {F} 


where 


CM3 


[G] 


[K] 


0 
:  o 
.  o 


0 

0 

Mo 


-  yys* 


K,  0  0 
0  K]  0 


0  0 
0  0 


0  0  0  0 

0  0  0  K^  0 

0  0  0  0  Ko 


04) 


Consider  equation  (14)  with  {F}  «  (0). 
Define 

(y)  -  {«.6}T 

and  use  this  change  of  variable  In  (14) 
together  with  the  Identity 

[CM], [0]]  iy)  +  [[0],  -  [M]]{Y)  -  (0)  (15) 

This  gives 

[A]!;)  +  [B]{y}  *  {0}  (16) 

where 


M,  0  M3  0  M4 

[A]  - 

'[G] 

[M] 

Mi  ■  m 

N2  «  m  +  Ix/s2 

[M3 

[0] 

M,  *  mcose 

[B]  - 

[K] 

[0]' 

0 

M^  -  2m+M 

[0] 

[M3 

If  a  trial  solution  Is  assumed  In  the  form 
Iy)  -  (Dext 
equation  (16)  becomes 
x[A](D  -  [B]{r> 


(17) 

Equation  (17)  can  be  solved  with  a  standard 
eigenvalue-solver  and  the  eigenvalues  xi 
related  back  to  those  of  (14).  Note  that  the 
resulting  eigenvalues  will  be  functions  of  n, 
and  n2.  1 

STEADY  STATE  SOLUTION 

Rewrite  equation  (14)  In  phasor  form.  For 
example,  let 


JR1 


uRiflEXp(init)  +  uRi>2EXP(in2t) 


where  uR^  1  and  uR1  2  are  complex  quantities 
with  real,  (  )R,  and  Imaginary  ,  (  )Jt  parts, 
l.e. 
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UR1,1  *  +  1<UR1 ,1 5I 

UR1 ,2  ”  (uRl,2V+  ^UR1,2^I 

This  converts  the  first  of  equation  (14); 
namely, 

M2“R1  +  M1XB  '  61*R1  +  K1uR1  “  “l0!251™1!1 
Into  four  equations 

"M2nl2*uRl,l)R  ‘  M1n12^XB,1^R  +  nlV"Rl,l*I 
+  K1<uR1,1>R  "  0 

~H2nl 2 ( UR1 , 1 ) I  '  Mlfl12^XB,lh  "  alVwRl,l*R 

+  K1  {uRl  ,1  "  -melnlZ 

-M2n22(uRl  >2)r  -  M^^B^R  +  °2®1  ^WR1,2^I 

+  K1^uR1,2^R  "  0 

~M2°?2(uR1  ,2)l  "  "  fl2fil(wRl,2^R 

f  Kl(uRl,2)l  "° 

and  hence  the  5x5  system  of  (14)  Is  converted 
Into  the  20x20  system 

[c](x)  *  {b>  (18) 

The  structure  of  [c],  {x>  and  {b}  are  given  In 

Cl]. 

Given  the  small  size  of  (18),  an  accurate 
solution  Is  possible  via  a  standard  matrix 
Inversion  algorithm.  The  vector  {6}  may  then 
be  constructed  from  the  resulting  {x}. 

A  complete  FORTRAN  source  program  for 
separately  or  jointly  solving  the  eigenvalue 
and  steady  state  problems  Is  given  In  [1]. 

SAMPLE  PROBLEM 

A  sample  solution  to  equations  (17)  and 
(18)  has  been  carried  out  for  the  data  of 
Table  1 . 


TABLE  1: 

Model  Parameters 

n-|  ■  n2  “  n 

variable,  rad/sec 

el 

2.4xl0'51n 

e2 

2.4xlO'S1n 

m 

7. 42x1  O'5  lbf-sec2/1n 

!x 

2.6xl0~6  1n-lbf-sec2 

1y 

5.2x10"®  1n-lbf-sec2 

M 

4. 27x1 O"3  lbf-sec2/1n 

k 

400  In-lbf/rad 

*8 

27000  lbf/ln 

s 

0.1  in 

s 

0.48  rad 

The  resulting  eigenvalues  vs.  rotor  speed  are 
shown  In  Figure  4  In  the  format  of  a  Campbell 
Diagram.  There  are  five  eigenvalues:  two 
Identical  forward  rotor  whirls,  two  Identical 
backward  rotor  whirls,  and  a  vertical  vibra¬ 
tion  of  the  block.  The  Intercepts  A  &  B  with 
the  frequency  equals  rotor  speed  line  are 
critical  speeds;  In  this  case  at  394  Hz 
(23,640  RPM)  and  1100  Hz  (66,000  RPM).  The 
steady  state  operating  speed  of  this  sample 
system  was  200  Hz  (12,000  Hz),  which  Is  well 
below  the  first  critical  speed. 
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Figure  4 
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The  steady  state  solution  Is  first  Investigated 
for  the  case  of  both  rotors  at  the  same 
operating  speed,  l.e.  fli  ■  fl2  ■  n  *  1257  rad/sec 
(ZOO  Hz).  Figure  5  shows  the  time  history  of 
the  vertical  motion  of  the  block  Xg(t). 


0.000.01  0.02  0.03 


TIME  (SEC)  . 


Figure  5 


Figures  6  and  7  show  uri  i(t)  and  ur2  2(t), 
which  are  components  of  the  motion  respectively 
of  rotor  1  and  rotor  2  from  their  own  unbalances. 
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Figure  7 


Figures  8  and  9  show  uri  g(t)  and  ur2  i(t), 
which  are  rotor  1  and  rotor  2  motion  Components 
induced  by  the  opposite  rotor  unbalance.  For 
the  example  considered,  the  magnitude  of  this 
cross-talk  Is  less  than  IX  of  the  self-induced 
rotor  motion. 
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Figure  8 
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Figure  9 


Lastly,  consider  the  same  case  except  that  the 
two  rotors  speeds  are  slightly  detuned 

n1  »  1194  rad/sec  (190  Hz) 
tig  ■  1319  rad/sec  (210  Hz) 

Figure  10  shows  X0(t)  for  this  case. 
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Figure  10 


Comparison  of  Figures  5  and  10  show  that  for 
the  sample  problem  under  consideration  the 
above  detuning  (10X  of  the  operating  speed)  has 
little  effect  on  the  maximum  value  of  block 
motion.  However,  as  expected.  Figure  10  shows 
a  beating  phenomenon  at  20  Hz. 
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INVESTIGATION  OF  VIBRATION  PROBLEMS  WITH 
HETERODYNE  HOLOGRAPHIC  INTERFEROMETER 


Robert  A.  McLauchlan,  P.  E. 

Associate  Professor 

Civil  and  Mechanical  Engineering  Department 
Texas  A  and  I  University 
Kingsville,  Texas  78363 

Consistently  large  mechanical/acoustic  vibration  induced  RMS 
deviations  (^/35)  in  10  in.  beam  wavefronts  were  measured 
with  the  AFWL/ARA\  heterodyne  holographic  interferometer, 
wavefront  sensor  (HET)  system.  These  large  wavefront  sur¬ 
face  measurement  errors  motivated  an  investigation  of  the 
sources  of  these  mechanical/acoustic  vibrations  and  work  to 
eliminate/minimize  their  impact  on  HET  wavefront  sensor  per¬ 
formance.  Measurements  were  made  of  the  RMS  acceleration 
level  spectra  at  several  locations  on  the  floor  in  the  HET 
lab  and  on  the  HET  optical  table  with  the  acoustic/wind 
screen  in  place  -  i.e.,  mechanically  attached  to  the  table. 
These  spectra  showed  two  very  significant  local  peaks  in  the 
vibration  levels  at  nominal  frequencies  of  30  and  40  Hz. 
Independent  spectral  decompositions  of  the  vertical  and  hor¬ 
izontal,  two-point  relative  phase  measurements  made  with  the 
HET  system  indicate  that  these  30  and  40  Hz  frequencies  cor¬ 
respond  to  pitch  and  yaw  vibratory  modulations,  respectively, 
of  the  HET  (reference  and  object)  optical  beams.  A  simple 
analysis  (using  nominal  mass  and  stiffness  values)  made  of 
the  motion  of  the  top  member  of  the  acoustic/wind  screen 
with  respect  to  the  optical  table  gave  translational  (cor¬ 
responding  to  pitch,  roll  optical  beam  modulations)  and  yaw 
natural  resonance  frequencies  of  29. 03  Hz  and  40.81  Hz,  re¬ 
spectively.  The  close  aggrement  between  the  analysis  and 
measured  RMS  spectra  results  indicated  that  the  acoustic/ 
wind  screen,  when  attached  to  the  optical  table,  is  a  signi¬ 
ficant  local  "source"  of  vibratory  motion  and  hence  of  relative 
optical  beam  modulations  which  degrade  the  wavefront  sensor 
performance  of  the  HET  system.  Removal  of  the  acoustic/wind 
screen  gave  significant  reduction  of  these  30,  40  Hz  vibra¬ 
tion  noise  components  for  seismometer  locations  on  the  opti¬ 
cal  table.  Use  of  a  system  of  floor  to  ceiling  curtains  re¬ 
duced  the  large sc ale  (  >/4)  random,  low-frequency  (0  to  2,5 
Hz)  oscillations  —  induced  by  random  air  movements  and  tur¬ 
bulence  —  which  degraded  hET  system  performance  without  the 
wind  screen  in  place .  Here  ten-inch  beam  RMS  wavefront  sur¬ 
face  errors  were  reduced  to  ^/60  with  the  curtains.  In  sup¬ 
port  of  the  above  described  measurement  and  analysis  program, 
work  was  also  done  in  three  areas*  (1)  Rigid -body,  time- 
domain  analysis  of  the  motion  of  the  HET  optical  table,  etci 
(2)  Tabulation  of  normalized,  approximate-flexural  and  tor¬ 
sional  frequencies  for  various  free,  pinned-comer  and  inter¬ 
mediate  support  leg  conditions  1  (3)  Impact  of  vibratory  mo¬ 
tion  on  differential  hologram  fringe  modulation  function. 

Based  upon  this  work  and  the  results  of  the  measurement  and 
analysis  program,  recommendations  wers  made  to  further  re¬ 
duce  or  eliminate  raechanical/acoustic  vibration  induced  prob¬ 
lems  with  the  HET  system. 
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INTRODUCTION 

Interactions  with  the  vibration  en¬ 
vironment  (mechanical/structural,  acous¬ 
tic,  etc.)  can  severly  degrade  sensitive 
optical  sensor  performance.  The  result¬ 
ing  degradation  can  cause  loss  of  the 
sensor-observability  and  via  the  feed¬ 
back  path,  the  control-systems  functions. 
The  problem  is  especially  important  with 
respect  to  the  use  of  large  optical  beam 
wavefront  sensors. 

As  confirmed  in  1933/1984,  the  AFWl/ 
ARAA  heterodyne  holographic  interfero¬ 
meter  (referred  to  subsequently  in  this 
paper  as  the  HET)  system  was  an  extreme¬ 
ly  sensitive  optical  wavefront  sensor 
system.  Figure  1  gives  a  block  diagram 
of  this  heterodyne  interferometer  con¬ 
figuration.  This  version  of  the  HET  can 
operate  in  either  a  conventional  holo¬ 
gram-interferometer  or  a  heterodyning 
hologram-interferometer  mode.  In  the 
conventional  mode  both  the  reference 
and  object  optical  beams  are  at  the  same 
frequency.  In  the  heterodyning  mod»  the 
HET  uses  a  constant  625  KHz  frequency 
difference  between  the  reference  and  the 
object  beams  in  a  heterodyning,  fre¬ 
quency-modulation  sense.  Here  the  opti¬ 
cal  result  is  used  to  define  the  differ¬ 
ential  holographic  fringes  (difference 
between  specified  reference  and  desired 
wavefront  surfaces)  characterizing  the 
spatial  distortion  of  a  nominal  10  in, 
diameter  wavefront  image  of  the  trans¬ 
verse  distortion  of  a  static  or  a  vib¬ 
rating  surface.  The  10  in.  diameter 
wavefront  size  is  a  nominal  design  value 
for  the  HET  system.  It  can  be  varied 
from  1  in.  to  16  in.  by  suitable  choice 
of  the  beam  expander  lenses  in  the  opti¬ 
cal  path  components  comprising  the  HET 
wavefront  sensor  system! 

The  HET  system  is  mounted  on  an  opti¬ 
cal  bench  which  is  presently  supported  by 
six  vibration  isolation  support  mounts 
or  legs.  It  originally  (through  1  Aug¬ 
ust  1983)  was  covered  by  an  attached 


acoustic/wind  screen  to  minimize  the 
effects  of  random  air  movements  and 
turbulence  upon  performance  of  the  HET 
system.  Figure  2  depicts  this  config¬ 
uration. 

Significant  mechanical  and/or  acous¬ 
tic  vibration  level  problems  have  been 
observed  with  the  KET  configuration  in 
its  1983/1984  laboratory  location  in 
the  center  of  the  first  floor  of  a 
building  at  AFWL/ARAA.  This  location 
may  have  been  at  a  vibration  antinode 
in  what  was  originally  an  office  build¬ 
ing  which  was  neither  structurally  nor 
acoustically  designed  to  house  high 
precision  optical  measurement  labora¬ 
tories. 

The  mechanical  and  acoustic  vibra¬ 
tion  problems  referred  to  above  mani¬ 
fest  themselves  in  real  time  as  vibrat¬ 
ing  differential  hologram,  interfero¬ 
meter  fringe  patterns  in  the  image 
formed  of  the  transverse  distortion  of 
an  illuminated  object/wavefront  sur¬ 
face.  That  is,  the  vibrations  can 
cause  modulations  in  the  relative 
phase  between  the  object  and  reference 
beams.  After  electronic  detection  at 
spatially  discrete  sampling  locations 
and  Zemike  orthogonal-modal-basis- 
function,  least  squares  fit  to  the  de¬ 
formed  surface,  consistently  large  RMS 
deviations (  A/35.  A  =5145  A)  have  been 
found  in  the  10  in.  optical  beam  wave- 
fronts  through  late  Spring  1983.  These 
large  wavefront  surface  measurement 
errors  as  compared  to  an  apparently 
obtainable  (x/200  to  A/75),  have  mo¬ 
tivated  the  measurement  and  analysis 
work  described  in  this  paper.  This 
primary  effort  in  this  work  consisted 
of  an  investigation  of  the  sources  of 
unwanted  mechanical/acoustic  vibrations 
and  of  system  modifications  to  elimi¬ 
nate/minimize  their  impact  on  HET  wave- 
front  sensor  parf ormar>?e ,  In  support 
of  the  primary  effort,  work  was  also 
accompolished  in  the  following  three 
areas  1 

•  Rigid-body,  undamped  resonant 
frequency  and  time-domaii  anal¬ 
yses  of  the  motion  of  the  HET 
optical  table,  etc. 

•  Calculation  of  normalized, 
approximate -flexural  and  tor¬ 
sional  frequencies  of  optical 
table  for  various  free,  pinned- 
comer  and  intermediate  support 
leg  conditions 

.  Impact  of  vibrating  motion  on 
differential  hologram  fringe 
modulation  function. 

The  remainder  of  this  paper  is  or¬ 
ganized  as  follows.  First  the  HET  sys¬ 
tem  is  reviewed  and  all  known  potential 
sources  of  unwanted  noise  in  the  system 
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are  summarised.  Next  the  experimental 
and  analytical  investigations  of  the 
sources  of  mechanical,  etc.  vibration 
are  described  and  their  results  dis¬ 
cussed.  This  is  followed 
by  sections  describing  modifications  to 
the  HET  optical  table  configuration  and 
the  results  of  these  modifications. 

Next  the  work  in  the  three  supporting 
areas  are  described.  Their  supporting 


analyses  and  results  can  be  found  in 
the  Appendices  of  Reference  21.  Conclu¬ 
sions  are  then  made  regarding  the  inves¬ 
tigation  of  vibration  sources  and  modi¬ 
fications  tried  to  improve  HET  system 
performance,  as  well  as  the  related 
support  area  work.  Recommendations  are 
made  to  further  improve  HET  wavefront 
sensor  performance  at  the  end  of  this 
paper. 
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FIGURE  1 

BLOCK  DIAGRAM  OF  HETERODYNE  INTERFEROMETER 
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TOP  OF  ACOJSTtc/w/WD  SC/Ztuy 


FIGURE  2 

HET  OPTICAL  TABLE  PLUS  ATTACHED  ACOUSTIC/VlND  SCREEN,  LASER  SUPPORT  TABLE, 
VIBRATION  ISOLATION  SUPPORT  I£GS ,  ETC.  SYSTEM  CONFIGURATION 

FAMILIARIZATION  WITH  HET  SYSTEM  mechanical/acoustic  vibration  problems 

in  context  with  respect  to  other  noise 
A  review  was  made  of  the  relevant  sources  and  to  obtain  an  indication  of 

optics  and  of  the  laser  and  optical  the  potential  noise  floor— i.e.,  best 

path  system  components  comprising  the  wavefront  sensor  performance  possible 

HET  system  (Refs.  1-8).  As  indicated  in  with  the  HET  system.  Tabl<j  I  summa- 

the  introduction.  Figure  1  schematical-  rizes  the  five  mechanical/acoustic  and 

ly  depicts  the  component  lineup  and  the  the  three-laser/optical  polarization/ 

optical  path  signal  flow  in  the  present  detector  —  potential  sources  or  mech- 

HET  system.  In  addition,  the  data  col-  anisms  of  unwanted  noise  which  were 

lection  electronics  system  and  the  identified, 

heterodyning  holographic  interferome¬ 
try/signal  processing  principles  upon  Newport  Research  Corporation  was 

which  the  HET  system  is  based  were  also  contacted  relevant  the  design  and  dy- 

reviewed  (Refs. 4, 9-12) .  namic  mechanical  response  details  of 

the  optical  bench,  the  attached  acous- 

All  relevant  aspects  of  noise  de-  tic  screen,  the  bottom  mounted  laser 

grading  HET  wavefront  sensor  perfor-  bench,  and  the  vibration  isolation  leg 

mance,  the  optical  bench  or  table,  etc.  support  system  (Refs,  13,14).  This  was 

plus  the  vibration  isolation  legs  and  done  to  gain  further  insight  from  the 

the  complete  optical  path/optical,  etc.  equipment  manufacturer  into  the  mech- 

component  lineup  in  the  HET  were  con-  anical/acoustic  vibration  frequencies 

sidered.  This  was  done  to  place  the  and  mode  shapes  possible  in  the  HET 
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optical  table  design.  NRC  Indicated 
that  the  first  free-free  slerural  bend¬ 
ing  and  torsional  resonance  frequencies 
should  be  approximately  100  and  1?0  Ha, 
respectively  for  the  HET's  12  ft  x  4  ft 
x  1.5  ft  optical  table  in  an  unloaded 
condition.  Nominal  vertical  end  trans¬ 
verse  stiffnesses  of  64  lbf/in  and  125 
to  150  lbf/in  were  indicated  for  each 
of  the  six  pneumatic,  vibration  iso-  . 
lation  mount  support  legs  for  frequen¬ 
cies  around  1  Ht. 

It  was  also  indicated  these  stiff¬ 
nesses  are  frequency  dependent.  That 
is,  above  1  Ht  these  stiffnesses  are 
somewhat  less  than  (nominal  50  to  66% 
of)  the  1  Ht  values.  Vertical  and  trans¬ 
verse  damping  values  were  unavailable. 
They  can,  however,  be  inferred  from  the 
frequency  response  results  given  in  the 
equipment  catalog  (Ref.  13). 

TABLE  1 

SOURCES  OF  UNWANTED  NOISE 

•  Selsiric/Struotural  Floor  Vibration 

•  Aooustie  Pressure  Radiation  Via 
Air  Path  (Fluidbomei  FlvJ  dbome , 
Structurebome ) 

.  Acousto-optical  Interaction 
Coupling 

.  Flow  Induced  Vibration  Using  Water 
Cooling  for  Laser  (Monitor  Transi¬ 
tion,  Mid  and  Laser  Output  Beam 
Sections  of  Flow-Line  an  Laser) 

•  Flow  Induced  Plasma  Fluctuation 
and  Beam  Modal  Drift 

•  Optical  Separation  of  p,l  Polar¬ 
isation  Beams 

•  Electrical  Lir.e/felectronic  Record¬ 
ing  Processing  and  Radiation 

•  Laser-Detector  Shot  Noise  -  Sy*. 
tern  Optical  Gain  Figures. 

HET  INTERFEROMETER  PLUS  ACCELERATION , 
ETC.  SENSOR  MEASUREMENTS 

The  author  used  three  ENDEVCO  2262C- 
25  piesoresistive  accelerometers  plus 
corresponding  amplifier/signal  condi¬ 
tion  cards  (AFWI/NTDE)  and  three  Geo 
Space  HS-10-1  seismometers  (AFWL/NTDE) 
(Refs.  15,16).  In  addition,  two  PCB 
303A02  piezotronics  accelerometers  and 
auplifier/signal  conditioning  systems 
were  borrowed  from  the  M.E.  Department 
of  Texas  Tech  University  (Ref.  17). 

Velocity  and  acceleration  measure¬ 
ments  have  been  made  using  the  three 
Geo  Space  seismometers  (direct  measure¬ 
ment  of  velocity)  and  the  two  PCB  ac¬ 
celerometers.  The  seismometers  have 
been  the  sensors  most  extensively  used 


to 

(a)  Measure  acceleration,  velocity, 
and  motion  levels  at  three  lo¬ 
cations  across  the  mid-length 
piano  on  the  optical  table  and 
at  three  locations  near  the  10- 
inch  beam  expander  and  mirror 
components  (east  end  of  optical 
table  in  HET  lab). 

(b)  Measure  acceleration,  velocity 
and  motion  levels  at  three  lo¬ 
cations  on  the  floor  under  the 
optical  table  and  at  a  location 
south  of  and  away  from  (4  ft) 
the  optical  table. 

In  addition,  the  seismometers  were 
also  used  to  survey  the  acceleration, 
etc.  levels  in  three  other  ARAA  labs. 
Here  measurements  were  made  at  loca¬ 
tions  under  and  on  the  optical  tables 
in  the  (1)  Phaser  lab,  (2)  Deformable 
Mirror  Lab  and  (3)  Adaptive  Optics  Lab. 
It  should  be  noted  that  the  optical 
table  in  the  Phasar  Lab  also  has  an 
attached  (somewhat  slater  vertically) 
wind  screen  enclosure.  The  deformable 
mirror  and  adaptive  optics  labs  also 
each  have  a  6+  ft  long  trench  running 
lengthwise  ( east-wet.  t)  along  their 
floors.  Tho  optical  tables  in  these 
three  labs  are  somewhat  longer  (15  to 
18  ft)  than  the  nominal  12  ft  table 
long  HET  Lab  table. 

Vertioal  and  horizontal,  two-point 
relative  phase  modulation  measurements 
and  RMS  wavefront  surface  error  meas¬ 
urements  were  made  ising  HET  system 
detector  signal  conditioning  A/D  con¬ 
version  hardware  and  its  Data  General 
signal  processing  software.  It  should 
be  noted  that  the  vertical  and  hori¬ 
zontal,  two-point  relative  phase  mees- 
urements  correspond  to  pitch  and  yaw 
vibratory  motion  modulations,  respec¬ 
tively,  of  the  reference  and  object 
beams  in  the  HET  system. 

DATA  PROCESSING/ANALYSIS 

The  results  discussed  in  this  report 
were  based  on  (a)  Nicolet  66OA  digital 
oscilloscope  RMS  spectral  analysis,  dif¬ 
ferentiation  and  integration  processing 
and  plotting  system  and  (b)  HET  system 
relative  phase  measurement,  FFT  pro¬ 
cessing  and  plotting  capability  using 
Data  General  Eclipse  S/200  computer 
system  (Refs.  18-20),  The  latter  was 
developed  during  Summer  1983  by  Miss 
Geraldine  Cordova  under  the  direction 
of  Captain  Joseph  T.  Evans. 

IDENTIFICATION  OF  VIBRATION  NOISE 
SOURCES  IMPACTING  SYSTEM  PERFORMANCE 

As  indicated  previously  a  survey/ 
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comparison  was  made  of  tha  velocity 
and  acceleration  levels  in  the  ARAA- 
HET ,  PHASAR,  Deformable  Mirror  and 
Adaptive  Opties  Labs.  RMS  floor  ve¬ 
locity,  etc,  .level  results  in  these 
four  labs  indicated  that  the  Deform¬ 
able  Mirror  Lab  is  quietest  at  20  to 
50  Hs  closely  followed  by  the  Adaptive 
Optics  Lab.  The  Phaser  and  HET  Labs 
seemed  to  be  noisier  (nominal  5  to  10 
dB)  in  terms  of  peak  velocity  and 
acceleration  levels  in  this  20  to  50 
Hs  frequency  range  with  the  HET  Lab 
the  noisier  of  these  two.  This  may  be 
correlated  with  the  fact  that  the  HET 
Lab  is  near  the  oenter  of  the  first 
floor  of  ito  APWL  Building  location 
which  can  be  a  vibration  antinode. 

This  APWL  Building  is  an  office  build¬ 
ing  which  was  not  structurally  and 
acoustically  designed  for  precision 
optical  measurements. 

Comparison  of  the  differences  be¬ 
tween  the  RMS  acceleration,  etc.  spec¬ 
tra  levels  for  the  table  and  the  floor 
for  each  of  the  four  above-mentioned 
labs  indicates  nominal  25  to  35  dB  dif¬ 
ferences  (level  reductions)  for  the  De¬ 
formable  Mirror  and  Adaptive  Optics 
Labs  and  2o  to  25  dB  level  reductions 
for  the  HET  (nominal  20  dB)  and  PHASAR 
(nominal  25  dB)  Labs  in  the  25  to  45  Hs 


OPTION  N/A 
60 . 00000  HZ 


frequeney  range.  The  relevance  of  the 
V'tak  levels  observed  at  nominal  30,  40 
Hs  frequencies  will  be  discussed  later. 
Here  it  should  bo  noted  that  the  opti¬ 
cal  tables  in  the  HET  and  PHASAR  Labs 
both  have  attached  acoustic/wind  screen 
enclosures  while  the  optical  tables  in 
the  Deformable  Mirror  and  Adaptive  Op¬ 
tics  Labs  do  not. 

Figures  3a  and  3b  give  representa¬ 
tive  plots  of  the  RMS  spectral  decom¬ 
positions  of  the  velocity  levels  under 
and  on  the  HET  system  optical  table 
with  the  attached  wind  soreen  enclosure. 
These  results  show  very  significant 
peaks  at  nominal  frequencies  of  30  and 
40  Hs.  Examination  of  those  figures 
indicates  that  the  floor  minus  table 
differences  in  the  30,  40  Hs  levels  are 
19.8,  21.4  dB,  respectively,  or  a  nom¬ 
inal  20  dB.  These  reductions  are  some¬ 
what  less  than  the  vibration  isolation 
to  be  expected  at  the  NRC  indicated  12 
dB/octave  fall  off  above  1  Hs  with  the 
six  NRC  vibration  isolation  mount  sup¬ 
port  legs.  Since  comparable  NRC  vib¬ 
ration  isolation  legs  seem  to  perform 
well  in  corresponding  leg  oonflgura- . 
tions  in  the  Deformable  Mirror  and  , 
Adaptive  Optics  Labs,  these  results  in¬ 
dicate  that  additional  vibration  noise 
sources  as,  e.g.,  acoustic  are  exciting 
the  system  via  the  acoustic/wind  screen 
enclosure. 

-3.9  dBV  VLG 
C 
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FIGURE  3a  RMS  SPECTRAL  DECOMPOSITION  OF  VELOCITY  IZYEL  UNDER  HET  OPTICAL  TABLE 
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FIGURE  3b  RMS  SPECTRAL  DECOMPOSITION  OP  VELOCITY  IEVEL  ON  HET  OPTICAL  TABI£ 


FIGURE  4*  SPECTRAL  DECOMPOSITION  OP 
VERTICAL,  2  POINT  RELATIVE 
PHASE  MEASUREMENT  PROM  HET 
SYSTEM 


FIGURE  4b  SPECTRAL. DECOMPOSITION  OF 

HORIZONTAL,  2  POINT  RELATIVE 
PHASE  MEASUREMENT  FROM  HET 
SYSTEM 
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Figures  4 a  and  4b  respectively  plot 
spectral  decompositions  of  the  vertical 
and  horisontal,  two-point  relative 
phase  measurements  which  ware  made  with 
the  HET  system,  it  should  be  noted  that 
an  independent  sensor  (HET  system) 
using  a  different  physical  process— as 
compared  to  the  seismometers— was  used 
to  obtain  those  results.  Figure  4a 
shows  a  relatively  large  RMS  motion/ 
relative  phase  modulation  peak  at  a 
nominal  30  He.  This  is  for  the  two 
vertical  points  configuration  in  the 
HET  detector  array  and  corresponds 
therefore  to  a  pitch  vibratory  modu¬ 
lation  of  the  HET  reference  and  object 
optical  beams.  Figure  4b  similarly 
gives  a  large  RMS  motion/relative  phase 
modulation  peak  at  a  frequency  of  42  to 
43  He.  In  this  case  two  horikontal 
points  were  sampled  in  the  HET  detector 
array.  Thus  it  corresponds  to  a  yaw 
vibratory  modulation  of  the  reference 
and  object  optical  beams  in  the  HET 
system. 

SIMPLE  ANALYSIS  OF  SCREEN  ENCLOSURE, 
LASER  TABLE  MOTIONS  WITH  RESPECT  TO 
OPTICAL  TABLE 

Simple  spring-mass  analyses  were 
made  of  the  translational  and  yaw 
motions  of 

(a)  Top  member  of  the  acoustic/ 
wind  screen  with  fixed  end 
attachment  to  the  top  of  the 
optical  table. 

'b)  Bottom  member/ledge  of  laser 
bench  with  fixed  end  attach¬ 
ment  to  the  bottom  of  the 
optical  table. 

Figure  2  depicts  the  location  of  the 
wind  screen  and  laser  bench  structures. 
Figures  5  and  6  give  more  detailed 
representations  of  these  structures. 

Nominal  mass,  stiffness  values  were 
used  in  the  analyses  of  these  motions 
with  respect  to  the  optical  table. 

Here  it  is  assumed  that  the  rigid  body 
motion  natural  frequencies  of  the  opti¬ 
cal  table  (as  indicated  by  experimental 
results  and  by  analysis  and  time  domain 
computer  model  results)  are  in  the  low 
frequency  range  0  to  5  He  while  the 
wind  screen  and  laser  bench  resonant 
frequencies  are  in  the  range  25  to  55 
He.  That  is,  they  are  somewhat  separa¬ 
ted  in  frequency  and  thus  the  wind 
screen  and  laser  bench  can  be  consider¬ 
ed  (each  separately)  as  moving  with 
respect  to  a  fixed  table.  Thus  un¬ 
coupled,  single-degree-of-freedom 
representations  can  be  used  for  each 
of  the  x,y  translation  and  yaw  (with 
respect  to  the  s  axis)  motions.  De¬ 
tails  of  the  analysis  calculations  are 


given  in  Appendix  A  of  Reference  21. 

TAB  IE  II 

TRANSLATION AL  NODE  AND  YAW 
MODE  NATURAL  RESONANT  FREQUENCY 
RESULTS  FOR  NOTION  OF  TOP 
MEMBER  OF  ACOUSTICAlND  SCREEN 
WITH  RESPECT  TO  OPTICAL  TABLE 

fNAT  RES*Hl* 


^TRANS 

(along  table 
length) 


29.03 


yTRANS 

(along  table 
width) 


29.03 


yaw 

(angular  motion 
with  respect  40.81 

to  vertical 

b  axis) 


TABLE  III 

TRANSLATIONAL  MODE  AND  YAW 
MODE  NATURAL  RESONANT  FREQUENCY 
RESULTS  FOR  MOTION  OF  BOTTOM 
LEDGE  OF  LASER  SUPPORT  BENCH 
WITH  RESPECT  TO  OPTICAL  TABLE 

fNAT  RES(lhi 


*TRANS 

(along  table 
length) 


48.09 


yTRANS 
(along  table 
width) 


48.09 


yaw 

(angular  motion 
with  respect  39*88 

to  vertical 
e  axis) 


Table  II  gives  ths  natural  frsqusn- 
cy  results,  29.03  He  and  40, 8i  He 
calculated  for  the  translational 
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and  yaw  notion*,  raapoetiraly,  of  tha  tional  and  yaw  raaonant  froquanoy  ra- 
top  «t«b*r  of  th*  wind  aeraan.  Tabla  aulta,  48.09  H»  and  39.88  H»,  napoo-. 
III  atuwaritoa  corraapandin*  tranola-  tivaly,  for  th*  laaor  aupport  banoh. 


4  STEEL  SUPPORT  TUBES 
50  in  IN  LENGTH 
2.375  in  OD 


TOP  IS  NOMINAL  12  ft ‘LONG 

ALUMINUM  HONEYCOMB  4  rt  WIDE 

2  in 
THICK 


FIGURE  5 

acousticAind  SCREEN  SUPPORT  STRUCTURE 


4  STEEL  SUPPORT  TUBES 
14  in  IN  IENGTH 
1.5  in  OD 


BOTTOM  LEDGE  IS  NOMINAL 
67.875  in  LONG  CAST 

14.9375  in  WIDE  STEEL 

2.0  in  THICK  Conatruction 


FIGURE  6 

LASER  BENCH  AND  SUPPORT  STRUCTURE 
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These  resonant  frequanoy  analysis 
rssults  taken  together  indie at*  that 
thsr*  art  translational  motion  reson- 
ant  frsquancias  at  nominal  valuta  of 
29  and  48  Ha.  In  addition ,  thtrt  art 
two  clostly  plactd  yaw  motion  rtsonant 
frequenoiea  at  nominal  valuts  of  40 
and  41  Ha.  Thtst  rssults  art  in  dost 
agreement  with  tht  significant  ptaks 
obstrvtd  in  tht  RMS  seismomtttr  vel- 
ocity  ltvtl  spectra  at  nominal  ranges 
of  29-31  Ha,  40-42  Ha  and  on  occasion 
50-52  Ht  witn  both  wind  Boreen  and 
lastr  bench  structurts  in  plaot.  Thest 
rtaults  art  also  in  agrttmtnt  with  ob¬ 
strvtd  ptaks  in  tht  indsptndant  sptc-' 
tral  dtcomposition8  of  tht  vertical 
and  horiaontal,  two-point  ralativa 
phast  measurements  mad*  with  th*  h£T 
syattm  (with  both  the  wind  screen  and 
the  laser  bench  attached  to  the  opti¬ 
cal  table). 

Specifically,  the  29  Ha  and  48  Ha 
natural  resonant  frequencies  are  for 
relative  (x,y)  translational  motions 
which  correspond  to  roll  and  pitch  op¬ 
tical  beam  modulations.  They  corres¬ 
pond  to  the  32  to  33  Ha  and  53  Ha 
spectral  peaks  found  in  the  vertical, 
two-point  relative  phase  measurements 
directly  giving  the  pitch  motion  com¬ 
ponent  of  the  modulation  of  the  HET 
system  optical  beams.  Similarly,  the 
calculated  40  Ha  and  4l  Ha  yaw  natural 
resonance  frequencies  correspond  to 
the  43  Ha  spectral  psak  found  in  the 
horiaontal,  two-po3.nt  relative  phase 
measurements.  These  measurements 
directly  give  the  yaw  motion  component 
of  the  modulation  of  the  optical  beams 
in  the  HET  system. 

In  summary,  these  results  indicate 
that  both  the  acoustic/wind  screen 
and  the  laser  support  bench  are  im¬ 
portant  local  "sources"  of  mechanical 
vibration  in  the  HET  system.  Together 
they  can  cause  nominal  25  to  55  Ha  fre¬ 
quency  modulations  of  the  phase  dif¬ 
ference  between  the  reference  and  the 
object  beams.  Thus  they  are  apparent¬ 
ly  significant  local  sources  or  causen 
of  the  consistently  large  j\/35-RMS 
wavefront  surface  deviation  errors 
measured  with  the  HET  system. 

DESIGN  MODIFICATION  STUDY  AND  RESULTS 

It  was  decided  to  remove  the  attach¬ 
ed  acoustic/wind  screen--*  non-trivial, 
though  relatively  easy  task—  and  in¬ 
vestigate  the  impact  of  this  change 
upon  measured  acceleration,  velocity, 
etc.  levels  and  upon  HET  systom  wave¬ 
front  sensor  performance .  The  laser 
support  bench,  etc,  was  not  also  re¬ 
moved  because  its  removal  is  relative¬ 
ly  difficult  anH  would  require  long 


term  separate  mounting  modifications  to 
suitably  reconfigure  the  laser  to 
optically  drive  th*  HET  system.  It 
should  be  noted  that  th*  ideal  modi¬ 
fication  plan  here  would  be  to  remove 
only  on*  of  these  two  structures  then, 
replacing  that  one,  only  remove  th* 
other,  and  then  remove  both. 

Removal  of  th*  acoustic/wind  screen 
was  found  to  give  significant  reduc¬ 
tion  of  th*  nominal  29-31  Ha  (10  to  15 
dB  reduction)  and  40-43  Ha  (1*>  to  20 
dB  reduction)  vibration  noise  compon¬ 
ents  for  seismometer  locations  on  top 
of  th*  optical  table.  However,  when 
the 

(a)  Differential  hologram  optical 
fringes  were  visually  observed 
for  the  10  in.  beam  wavefronts 
in  the  HET  system, 

and 

(b)  Corresponding  relative  phase 
between  the  reference  and  object 
optical  beams  was  visually  ob¬ 
served  on  the  system  oscillo¬ 
scope, 

it  was  aeon  that  removal  of  th*  wind 
screen  gave  large-scale  (fcA/4  and 
hence  quadrant  errors),  random  OBeil- 
lations  in  the  low  frequency  rang* 

0.0  to  2.5  Hs. 

Subsequent  investigations  showed 
that  these  oscillations  were  due  to 
random  air  movements  and  turbulence  as, 
e.g.,  generated  by  oscilloscope  and 
computer,  etc.  equipment  fans  and  blow¬ 
ers  in  the  HET  Lab.  These  air  move¬ 
ments,  etc.  severely  degraded  HET  sys¬ 
tem  wavefront  sensor  performance  with¬ 
out  some  form  of  a  wind  screen  sur¬ 
rounding  th*  optical  table  and  system 
components. 

A  system  of  floor  to  ceiling  cur¬ 
tains  with  a  rudimentary  ceiling  of 
plastic  film  sheeting  which  completely 
surrounds,  but  is  not  physically  at¬ 
tached  to,  the  HET  optical  table  was 
used  as  a  near  term  solution  to  reduce 
the  effects  of  the  random  air  movements 
and  turbulence.  It  was  found  that  10 
in.  beam  RMS  wavefront  deviation  errors 
can  be  reduced  toyl/60  with  the  cur¬ 
tains  and  ceiling  in  place. 

SUPPORTING  STUDIES 

UNDAMPED  NATURAL  RESONANT  FREQUENCY 
ANALYSIS  OF  RIGID  BODY  MOTION  OF 
OPTICAL  TABLE 

An  undamped  natural  resonant  fre¬ 
quency  analysis  was  made  of  the  rigid 
body  motion  (RBM)  of  the  KET  optical 
table  (Refs.  22-26).  Figure  7  depicts 
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the  idealised  six  degree-of-fmedom  re¬ 
presentation  used  in  the  analysis.  Tha 
six  degrees  of  freedom  arai 

x  or  xi  "  Translational  notion  along 
tha  tabla  langth 

y  or  xjf  •  Translational  notion  trans¬ 
verse  to  tha  tabla  langth , 
i.a.t  along  tabla  width. 

a  or  xj}  *  Translational  notion  in 
tha  vartical  diraction. 

d  ■  Roll  angular  notion  about 

'  tha  x  axis. 

0  ■  Pitch  angular  notion  about 

the  y  axis. 

^  ■  Yaw  angular  motion  about 

tha  i  axis. 


Hanca  x.y.s  (  or  xf,  xjf,  xji  )  fora  a 
right-hcnded,  fixad  insrtial  coordinate 
systan.  Positiva  x,y,s  am  in  tha  di¬ 
rect  ions  indicated  in  Pigura  ?,  Pos¬ 
itiva  d,  0,  are  defined  as  posi¬ 
tive  ir  they  are  cnunter-olock-wiae 
with  mspact  to  tha  positiva  x,y,s  axes, 
raspactivaly.  Figure  ?  aleo  shows 
tha  six  vibration  isolation  aount  sup¬ 
port  lags,  which  am  represented  as 
three-dimensional  linear  springs.  In 
this  analysis  tha  notions  ara  assumed 
to  be  snail  suoh  that  the  resulting 
dynamic  system  is  linear.  It  is  fur- > 
thsr  assumed  that  tha  (x,8)  motions 
and  tha  (y,^)  motions  am  coupled  each 
pair  together,  while  the  t  and  ¥  mo¬ 
tions  am  each  uncoupled. 


FIGURE  7 

IDEALIZED  SIX  DEGREE  OF  FREEDOM  REPRESENTATION  FOR  RIGID  BODY  MOTION 
ANALYSIS  OF  HET  OPTICAL  TABIZ  SYSTEM 


NOTE  THAT  (A) 


(B) 


FOR  THE  VIBRATION  ISOLATION  MOUNT  DAMPING  EXTENSION,  EACH 
SPRING  ELEMENT  IS  REPLACED  BY  A  SPRING  AND  DAMPER  ELEMENT- 
IN  PARALLEL  FOR  EXAMPIZ , 


a - - - 


IS  REPLACED  BY 


ADDITIONAL  NONSYMMETRICALLY  PLACED  MASSES  ARE  CONSIDERED 
WITH  RESPECT  TO  THE  CENTER  OF  MASS  OF  THE  OPTICAL  TABLE. 


THUS, 

IiJcm(OPT.TAB) 


13 Jcm(ARB.MASS)  *  m(ARB.MASS) 


FOR  THE  INERTIA  TENSOR  COMPONENTS  IN  WHICH 


R 


-  R  ■  /”/ 

■  ::ronecker  delta 


203 


TABLE  IV 

SUMMARY  OF  UNDAMPED  NATURAL 
RESONANT  FREQUENCIES  OF  HET 
OPTICAL  TABLE  WITH  SIX  LEGS 


fNAT  RES*Hl) 


*TSU,S  »od.  1 

0.27 

•pitch 

Kod.  2 

2.34 

*PITCH 

^""Sod.  1 

0  •  66 

•ROLL 

YtraNS  Mode  2 

2.61 

WOLL 

*TRAN3 

1.12 

Jyaw 

2.49 

Note  that  tha  six  lags  ara  assumed  to 
ba  placed  one  at  each  corner  and  one 
at  tha  midpoint  of  each  nominal  12  ft 
length-side. 

Table  IV  summarises  the  results  of 
this  undamped  natural  resonant  frequen¬ 
cy  analysis.  These  RBM  frequencies 
range  from  0.27  Hs  to  2.61  Ha.  They 
are  in  basic  agreement  with  relative/ 
load  paries  which  have  been  observed  in 
the  measured  acceleration,  velocity 
and  motion  level  spectra  for  non-sero 
initial  conditions  in  each  of  the  six 
degrees  of  freedom-  Appendix  B  of  Ref. 
21  gives  details  of  the  analysis.  This 
includes  a  summary  of  the  equations 
used  to  calculate  the  resonant  fre¬ 
quencies  given  in  Table  IV. 

12  STATE  '/ARABLE ,  TIME -DOMAIN  ANALYSIS 
OF  RIGID-BODY-MOTION  OF  OPTICAL  TABLE, 
ETC.  DESIGNS 

A  12  state-variable,  nonlinear,  time- 
domain  model  analysis  was  made  of  the 
rigid-body-motion  (RBM)  of  the  HET  op¬ 
tical  table,  etc.  system  design.  The 
dynamic  systems  model  considers  x*,  i  ■ 
1.2,3—  translational  motion  of  tne 
center  of  mass  and  J,  #,  x  — roll. 


pitch  and  yaw  degrees  of  freedom  (fixed 
inertial  vector  components ) .  The  dynamic 
eyttema  model  can  handle  an  arbitrary 
number  (*4)  of  vibration  isolation  mount 
support  legs  arbitrarily  placed  under 
the  table.  Figure  7,  as  discussed  pre¬ 
viously,  gives  an  idealised  represen¬ 
tation  of  the  system  under  considers-, 
tion.  Details  of  the  HET  RBM  model  can 
be  found  in  Ref.  21.  See  also  Refs. 

27,  28  for  background  regarding  devel¬ 
opment  of  the  state  variable  equations  . 

This  dynamic  systems  model  was  im¬ 
plemented  in  the  Fortran  IV  computer 
software  package  KETRBM09,  which  con¬ 
sists  of  a  driver  plus  21  subroutines 
and  2  function  subprograms.  This  soft¬ 
ware  has  been  thoroughly  checked  out. 
Complete  listings  of  HET RBM 09  and  of  an 
example  input  data  set  file  HETRBMIN 
are  given  *n  Appendix  C  of  Ref.  21. 

HETRBM09  runs  have  been  made  which 
show  the  coupling  of  the 

(1)  ■  x  translation  and  0  pitch 

(2)  y  ■  x|  translation  and  f  roll 

degrees  of  freedom.  The  a  ■  x2  ver¬ 
tical  translation  and  f  yaw  degrees 
of  freedom  are  each  essentially  un¬ 
coupled  from  all  others.  The  undamped 
resonant  frequency  behavior  observed 
with  HETRBM09  for  non-aero  initial 
condition  runs  with  zero  motion  input 
at  the  floor  ia.  in  good  agreement 
with  the  results  discussed  in  the  pre¬ 
vious  section  of  this  paper. 

CONTINUOUS  BEAM  APPROXIMATE  RESONANT 
FREQUENCY  ANALYSIS 

A  normalized,  approximate  frequency 
analysis  was  made  of  the  flexural  and 
torsional  vibration  modes  of  the  op¬ 
tical  table.  Here  the  free/pinned 
boundary,  pinned  intermediate  support 
results  given  in  Blevins  (ref.  29)  fer 
the  resonant  frequencies  of  the  multi¬ 
span  elastic  beam  configuration  were 
used.  Tables  V,  VI,  and  VII  present 
these  undamped  natural  resonant  fre¬ 
quency  results  which  have  been  nor¬ 
malized  to  a  first  free-free  unloaded, 
single  span  flexural  frequency  of  100 
Hs  and  a  corresponding  torsional  fre¬ 
quency  of  170  Hz.  These  values  were 
iven  by  Newport  Resoarch  Corporation 
Ref.  14)  as  reasonable  approximations 
for  a  nominal  12  ft  x  4  ft  x  1.5  ft 
HET  system  optical  table . 

These  results  indicate  that  sig¬ 
nificant  changes  in  the  resonant  fre¬ 
quencies  and  hence  mode  shapes  exr  t- 
ed  at  a  given  excitation  frequency 
can  be  effected  by  a  judicious  r .  more 
optimal  placement  of  the  vibration 
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Isolation  mount  support  legs .  Indeed, 
Whaley  and  Pearson  (Ref.  30T  have 
shorn  (via  model  predictions)  that  re¬ 
ductions  of  10  to  30  dB  can  be  obtain¬ 
ed  in  the  RMS  angular  motion  of  the 
optical  table.  This  means  that  since 
the  velocity  modulation  of  &n  optical 
component  is  given  by  an  equation  of 
the  form 

^OPT.  COMP  *  *  °T  "  i1I  ) 


i 


TABLE  VI 

RESONANT  OR  NATURAL  FREQUENCIES 
FCR  OPTICAL  TABLE  MODSIED  AS  A 
PINNED-PINNED  BEAM  WITH  PINNED 
WtErmeLIath  SUPPORTS 

L  -  12  ft. 


fi(Hs) 
Single  Span 
2  Supports 
(4Legs) 


fi(Hz) 
Double  Span 
3  Supports 
(6  Legs) 


in  which  (refer  to  Fig.  8) 

^OPT.  COMP.  "  VT^  + x  ^oc^  (*6) 

<3  -till  r) 

v 7>  x  “  ?y  X0C*  yoc  u?) 


1 

44.1 

376.5 

2 

176.5 

275.7 

3 

397.0 

705.8 

4 

706.8 

893.2 

TABLE  V 

RESONANT  OR  NATURAL  FREQUENCIES 
FOR  OPTICAL  TABLE  MODE  IE  D  AS  A 
FREE -FREE  BEAM  WITH  PINNED 


L  12.0  ft. 


1  fi(Hz)  f.  (Hz)  ff (Hz ) 

Single  span  Triple  Span  Quadruple 
No  Support  2  Supports  Span 

(4  Legs)  3  Supports 
(6  Legs) 


1  100.0 

80.2 

162.2 

2  275.6 

109.3 

176.5 

3  540.8 

515.6 

833.0 

4  893.7 

734.5 

1103.4 

5  1334.6 

891.3 

1408.6 

6  I863. 8 

1809.5 

1588.5 

FREE-FREE 

1 

1 

SINGLE  SPAN 

l  a 

FREE -FREE 
TRIPLE  SPAN 


FREE-FREE 

QUAURUPLE 

SPAN 


5  1103.1 

6  1588.2 

PINNED-PINNED 
SINGLE  SPAN 


PINNED-PINNED 
DOUBLE  SPAN 


1587.8 


1843.8 


TABUS  VII 

RESONANT  OR  NATURAL  FREQUENCIES 
FOR  OPTICAL  BENCH  REPRESENTED  AS 
A  FREE-FREE  STRAIGHT  BEAM  UNDER- 
GOING  TORSIONAL  VIBRATION 


j, 

1 

2 

3 

4 

5 

6 


170 

340 

510 

680 

850 

1020 


FREE -FREE 
SINGLE  SPAN 


r — <■ 
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HOLOGAam  imaqs 

OPTICAL  COMPONENT  APeatuac  plan* 


FIGURE  8 


REPRESENTATIVE  LINE  DRAWING  SHOWING  VIBRATORY  MOTION  GEOMETRY  FOR  AN  OPTICAL 
COMPONENT  IN  OBJECT  BEAM  PATH.  NOTE  THAT  Ct\ ,  ttm  ARE  THREE-DIMENSIONAL 
UNIT  VECTORS  FOR  INCIDENT,  TRANSMITTED  OPTICAL  BEAMS  AT  OPTICAL  COMPONENT 


3vt,^vt 


5I*  °T 


Transverse  velocity  of 
table  surface  at  opti¬ 
cal  component  table 
location  (x,oc.yoc). 


Angular  velocity  of 
table  surface  at 
optical  component  table 
location  (xQC,  yoc). 

Unit  vectors  defining 
directions  of  incident, 
transmitted  optical 
beams  at  optical 
component  location 


oc' 


•  zoc>- 


oc  *  Length  of  lever  arm 

(assumed  vertical)  of 
the  optical  component 

that  significant  reductions  can  be 
systematically  obtained  in  the  re¬ 
lative  phase  modulation  of  the 
reference,  object  beams  in  the  HET 
system.  This  would  follow  as,  e.g,, 

Min[VOPT.  COMP.*  (  "lT  "  V 

J  /  40\ 


Leg  Placement  Designs 

Table  Physical  Parameters 

Table  Placement,  etc.  of  Optical 


Components 

VIBRATORY/ACOUSTIC  MOTION. IMPACT  ON 
FRINGE  MODULATION 

A  review  was  made  of  the  survey  work 
by  Smith  (Ref.  31)  relevant  the  impact 
of  motion  upon  holograms  and  the  fringe 
modulation  function.  Smith's  consider¬ 
ation  is  based  upon  the  temporal  fil¬ 
tering  of  holograms  formulation  intro¬ 
duced  by  Goodman  (Ref.  32).  Powell 
and  Stetson  also  considered  the  re¬ 
lated  problem  of  interferometric  vib¬ 
ration  analysis  and  derived  equiva¬ 
lent  results  from  a  somewhat  more  com¬ 
plicated  point  of  view  (Ref.  33).  The 
related  areas  of  FM  modulation 
(straight  line  FM  slide,  constant  fre¬ 
quency  sinusoidal  modulation,  etc.) 
as  considered  by  Nitta  (Ref.  34)  and 
the  impact  of  noise  on  phase-lock- 
loop,  heterodyne  system  performance 
as  examined  by  Gardner  (Ref.  35), 
Lindsey  (Ref.  36)  and  Van  Trees  (Ref. 
37)  were  also  reviewed. 

Reference  21  gives  a  detailed 
summary  of  the  analysis  for  sinusoi¬ 
dally  vibrating  motion.  This  re¬ 
ference  also  discusses  a  preliminary 
FORTRAN  IV  software  package  TFVMHF02 
developed  by  the  author  to  evaluate 
the  fringe  modulation  as  a  function 
of  HET  sampling  time,  translational 
or  angular  sinusoidal  vibration  am¬ 
plitude  as  a  function  of  frequency, 
and  planar  direction  of  motion  with 
respect  to  the  optical  beam.  Aper- 
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ture  size  effects  can  also  be  inves¬ 
tigated  using  a  cheoked-out  version 
of  TFVMHF02.  The  idea  here  is  that 
TFVMHF02  should  allow  the  inves¬ 
tigation  of  meaningful  amplitude 
levels  for  both  mechanical  and 
acoustic  vibration  source  mechanisms, 

CONCLUSIONS 

An  investigation  has  been  made  of 
mechanical  vibration/acoustic  sources 
of  the  consistently  large  ( A/35)  RMS 
deviation  errors  in  10  in.  beam  wave- 
front  surfaces  Measured  with  the 
AFWL/ARAA  heterodyne  holographic 
interferometer,  wavefront  sensor  (HET) 
system  as  it  was  configured  in  1983/ 
1984,  Spectral  decompositions  of 
vibration  level  measurements  made  with 
seismometer  sensors  and  independent 
spectral  decomposition  measurements 
made  with  the  HET  system  of  pitch, 
yaw  modulations  of  HET  (reference 
and  object)  optical  beams  —  showed 
significant  peaks  at  nominal  frequen¬ 
cies  of  30  and  40  Hz.  Additional 
seismometer  and  HET  beam  modulation 
peak  responses  (albeit  at  somewhat 
lower  levels)  have  also  been  seen  at 
nominal  frequencies  of  50-52  Hz. 

Simple  undamped  resonant  frequency 
analyses  of  the  relative  motions  with 
respect  to  the  optical  table  of  the 

(a)  Top  mounted  acojstic/  wind 
screen  structure 

(b)  Bottom  mounted  laser  support 
bench  structure 

have  been  made  using  nominal  mass, 
stiffhess  values.  These  analyses 
gave  translational  (x,y)  and  yaw 
angular  motion  resonant  frequencies 
corresponding  to  (roll,  pitch)  and 
yaw  optical  beam  modulations  of 
(29*03,  40.81)  Hz  for  the  wind  screen 
and  (48.09,  39.88)  Hz  for  the  laser 
support  table.  These  results  plus  the 
attachment  of  the  wind  screen  to  the 
top  of  the  optical  table  indicate 
that  the  wind  screen  is  a  signifi¬ 
cant  local  scurce  (or  antenna/ampli¬ 
fier  »z  opposed  tc  absorber)  of  mech¬ 
anical/acoustic  vibratory  motion. 

Removal  of  tne  acoustic/wind 
screen  enclosure  resulted  in  re¬ 
duction  of  the  nominal  30  Hz  pitch 
and  40  Hz  yaw  vibration  levels  and 
optical  beam  modulation  components. 
Howeve  •,  large  amplitide,  low  fre¬ 
quency  random  motion  induced  modu¬ 
lations  caused  quadrant  errors 
'*>/4)  in  (a)  the  two-point  re¬ 
lative  phase  observed  as  a  function 
of  time  on  the  HET  system  oscillo¬ 
scope  and  (b)  the  wavefront  sensor 


surface  error  results  indicated  in  us¬ 
ing  the  HET  system  detection  plus  A/t) 
conversion  hardware  and  Zernike  poly- 
nominal  surface  fit  ting  software. 

These  large  amplitude,  low  frequency 
(0,0  to  2.5  Hz)  random  modulations 
were  found  to  be  caused  by  low  level, 
random  air  movement  and  turbulence. 

The  use  of  a  system  of  floor  to  ceil¬ 
ing  curtains  and  plastic  sheeting  ceil¬ 
ing  as  a  near  term/interim  fix  to  this 
problem  was  found  to  improve  HET  sys¬ 
tem  performance  to  the  extent  that  10 
in.  beam  RMS  wavefront  surface  errors 
of<>/60  could  be  obtained. 

Four  supporting  studies  were  also 
performed  and  reported  in  this  paper, 
these  studies  werei 

(1)  Resonant  frequency  analysis 
for  linearized  rigid  body 
motion  of  HET  optical  table 
system. 

(2)  12  state  variable,  tirae- 
domain  analysis  of  the  non¬ 
linear  rigid  body  motion  of 
HET  optical  table,  etc.  system 
designs. 

(3)  Approximate  beam  resonant  fre¬ 
quency  analysis  of  flexible 
motion  response  of  optical 
table  system  designs. 

(4)  Impact  of  mechanical  vibration/ 
acoustic  motion  on  relative 
phase  modulation  of  HET  system 
optical  beams  and  hence  on 
fringe  modulation. 

Limited  work  in  supporting  studies 
(1),  (2)  above  gave  good  rigid  body 
motion  resonant  frequency  and  time- 
domain  predictions  as  compared  to  a 
limited  amount  of  sensor  time  function 
measurements.  These  good  comparison 
results  indicate  that  the  12  state- 
variable,  nonlinear  time-domain  model 
and  the  linearized  resonant  frequency 
model,  when  extended  to  include  such 
effects  as  vibration  isolation  support 
leg  damping  and  realistic  nonsymmetric 
mass  distributions  can  be  used  to  in¬ 
vestigate  the  numbtr  and  placement  of 
the  support  legs  to  minimize  the  effect 
on  the  rigid  body  motion  of  the  HET 
optical  table  system. 

The  limited  results  and  formulations 
presented  in  supporting  studies  (3), 

(4)  indicate  that  computer  model  an¬ 
alytical  calculation  results  (and  cor¬ 
responding  modal  analysis  measurements) 
can  be  used  to  directly  investigate 
the  impact  of  HET  system  vibratory 
motion  upon  its  relative  phase  module*, 
tion  and  aperture -plane  fringe  modula¬ 
tion  response  behavior.  Therefore, 
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these  computer  model  analy" 4  cal,  etc. 
studies  can  be  used  to  optima  or  r.t 
least  improve  upon  the  design  ox  HET 
and  similar  optical,  large -been  (as, 
e.g. ,  10  in.)  wavefront  sensor 

systems . 

RECOMMENDATIONS 

Based  upon  the  results  of  the  re¬ 
search  work  reported  herein,  the  fol¬ 
lowing  recommendations  are  madet 

(1)  That  an  unattached  "rigid" 
member  wind  screen  enclosure 
(4  sides  and  top)  be  con¬ 
structed  and  used  for  the  HET 
optical  table  and  components 
mounted  to  its  top  surface. 

This  structure  should  be 
separately  supported  on  its 
own  set  of  vibration  iso¬ 
lation-rubber  or  similar 
material  pads.  It  should 
minimise  the  effect  of  random 
air  movements,  etc.  on  HET 
wavefront/sensor  performance. 

(2)  That  usage  be  investigated 
of  additional  local  wind 
screen  enclosures  at  the  lo¬ 
cation  of  the  large-beam  ex¬ 
pander  and  mirror,  etc.  op¬ 
tical  components  as  well  as  at 
the  table  location  where  the 
laser  beam  enters  the  HET  op¬ 
tical  system. 

(3)  Consideration  should  also  be 
given  to  the  design  and  use 

of  off-the-shelf  components  to 
provide  a  positive  pressure, 
clean  room  system : environment 
in  the  interior  of  the  large 
wind  screen  enclosure  surround¬ 
ing  the  HET  optical  table . 

(4)  An  investigation  should  be 
made  of  designs  employing  sep¬ 
arate  mounting  of  the  driving 
laser  and  the  use  of  fibre - 
optic  or  comparable  means  for 
light  input  to  the  HET  system. 
Alternatively,  placement  of 
the  laser  on  top  of  the  optical 
table  should  be  considered. 

(5)  An  investigation  should  be  made 
of  the  optimization/improve- 
ment  of  water  input  for  laser 
cooling  to  reduce  low  frequency 
vibration  inputs  to  HET  system. 

(6)  Consideration  should  be  given 
to  the  design,  construction  and 
use  of  a  1  or  2  mass  plus  dam¬ 
per,  Boxing  elements  tuned  vib¬ 
ration  absorber  (yielding  10 

to  30+  dB  notch  at  specified 
design  frequency)  to  reduce  the 
still  high  30  He,  etc.  line 
vertical  motion  component  ob¬ 


served  at  the  top  of  the  HET 
optical  table. 

(7)  That  detailed  modal  analysis 
and  acoustic  sensor  measure¬ 
ments  be  performed.  These 
measurements  can  be  used  to  de¬ 
fine  present  optical  component 
vibration  mode  sensitivities 
and  to  suggest  changes/pertur¬ 
bations  to  the  HET  system  re¬ 
sulting  in  improved  wavefront 
sensor  performance.  This  modal 
analysis  and  acoustic  sensor 
work  can  also  be  used  to  head- 
off  potential  future  wavefront 
sensor  problems  relevant  the 
calibration,  testing  and  use 
of  flexible  mirror  and  subaper- 
ture-to-full  wavefront-recon¬ 
struction  components . 
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